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Background of the Invention

Nijmegen Breakage Syndrome (NBS) is a rare autosomal recessive disorder

characterized by microcephaly, growth retardation, immunodeficiency, and an

increased incidence of cancer, e.g., hematopoietic malignancy (van der Burgt et al.,

15 1996; and Weemaes et al, 1981). At the cellular level, NBS is characterized by cell

cycle defects and radiation sensitivity. The clinical features ofNBS overlap to some

extent with those of ataxia telangiectasia (AT); thus it has been described as an AT

variant syndrome (Saar et aL, 1997), However, NBS is genetically distinct. The

two syndromes are clinically distinguishable in that NBS patients do not exhibit

20 neurological abnormalities, telangiectasia or increased a-feto protein levels

observed in AT patients (reviewed in Shiloh, 1997).

Nonetheless, NBS and AT exhibit remarkably similar phenotypes at the

cellular level, suggesting that the corresponding gene products function in the same

pathway. Unlinked non-complementation ofchromosome instability was observed

25 in heterokaryons ofAT and NBS fibroblasts, leading to speculation that the

respective gene products are physically associated (Stumm et aL, 1997). Cells from

both NBS and AT patients show increased sensitivity to ionizing radiation (IR) as

well as increased levels of spontaneous and induced chromosomal fragility. In

addition, NBS and AT cells fail to induce p53 at the Gl/S checkpoint, and fail to

30 suppress DNA synthesis in response to ionizing radiation (radioresistant DNA
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synthesis) (Jongmans et al., 1997; Perez-Vera et al., 1997; Sullivan et al., 1997;

Taalman et aL, 1983; and Young and Painter, 1989) (AT reviewed in Hoekstra,

1997; and Shiloh, 1997). Together, these data suggest that the AT gene product,

ATM, is a component of, or functions in close proximity to, the primary sensor of

5 DNA damage.

Accordingly, AT phenotypes can be explained by the failure to signal the

presence ofDNA damage. Hence, IR sensitivity in AT cells is generally attributed

to defects in the cellularDNA damage response. However, some data suggest that

DNA repair functions in AT cells may also be affected (Blocher et al, 1991

;

10 Cornforth and Bedford, 1985; Murnane, 1995; and Pandita and Hittelman, 1992).

Consistent with this notion, cells established from AT patients exhibit increased

rates of intrachromosomal DNA recombination (Meyn, 1993).

DNA damage includes double strand breaks in the DNA. These breaks in

DNA are repaired by the double strand break (DSB) repair complex. The human

1 5 DSB complex, also referred to as the "hMrel l/hRad50 complex", was shown to

consist of five proteins: hMrel 1, hRadSO, and three additional proteins of 95 kDa,

200 kDa, and 400 kDa (Dolganov et aL, 1996; Petrini et al, 1995). The phenotypic

features ofyeast lacking the counterparts to hMrel 1 and hRadSO, i.e., Scmrell and

ScradSO mutants, include hyperrecombination, sensitivity to DNA damaging agents,

20 and DNA repair deficiency (Ajimura et al, 1993; and Game, 1993). These features

are reminiscent ofchromosomal instability syndromes such as AT, NBS, Bloom

syndrome and others (Ellis, 1997; Fukuchi et al., 1989; Gatti et al., 1991; Meyn,

1995; and van der Burgt et aL, 1996). The conservation ofMrel 1 and Rad50

functions predicts that similar phenotypic outcomes would result from mutations in

25 humans that affect the hMrel l/hRad50 protein complex. However, deficiencies in

hMrel 1 or hRadSO have not been associated with any known chromosomal

instability syndromes. Recent attempts to create a null mrell mutant in murine

embryonic stem cells indicate that the gene is essential, suggesting that spontaneous

homozygous null mutants ofhMREll and hRADSO will not be found in the human

30 population (Xiao and Weaver, 1997).
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Thus, there is a need to isolate and characterize genes encoding double

strand DNA repair proteins.

Summary of the Invention

5 The invention provides an isolated and purified nucleic acid molecule

comprising a nucleic acid segment encoding a DNA repair polypeptide or protein, a

biologically active subunit or variant thereof, wherein the polypeptide or protein has

a molecular weight of about 95000 Da as determined by SDS-PAGE (herein

referred to as "p95"). The DNA repair polypeptide forms part ofa complex that is

10 associated with the repair ofDSB in nuclear DNA. Preferably, the nucleic acid

molecule of the invention encodes a polypeptide having SEQ ED NO:2, e.g., a

polypeptide which is encoded by a DNA segment comprising SEQ ID NO:l or a

variant thereof. The nucleic acid molecules ofthe invention may comprise RNA or

DNA. Also provided are anti-sense nucleic acid molecules which are the

1 5 complement ofnucleic acid segments encoding a DNA repair polypeptide or

protein, for example, an isolated and purified DNA molecule comprising a DNA

segment complementary to SEQ ID NO: 1 , or a portion thereof.

As described hereinbelow, a gene encoding the p95 subunit ofthe

hMrel l/hRad50 complex was isolated and characterized by direct protein

20 sequencing. Surprisingly, p95 has only limited homology to the 95 kDa S.

cerevisiae Xrs2, a member of the S. cerevisiae Mrel 1/Rad50/Xrs2 protein complex.

The locus encoding p95 maps to human chromosome segment 8q21 .3, a region that

was recently reported to contain the NBS locus (Saar et al, 1997). The isolated p95

cDNA was compared to the gene defective in NBS, NBS1, and it was found that p95

25 is the product ofthe NBS1 gene. The results described below also show that p95

protein is not present in cell lines established from NBS patients. Moreover, the

results show that p95 is an integral member ofthe hMrel l/hRad50 complex and that

the function ofthe complex is impaired in cells from NBS patients as these cells fail

to form hMrell/hRad50 ionizing radiation-induced foci. In light of the radiation

30 sensitivity and DNA damage dependent cell cycle checkpoint defects in NBS cells,
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these results provide evidence for a direct molecular link between DSB repair and

cell cycle checkpoint functions. Further, these data define a direct molecular link

between proteins involved in DSB repair and the activation of cellularDNA damage

responses.

5 The invention also provides probes and primers comprising at least a portion

of the nucleic acid molecules ofthe invention. The probes or primers of the

invention are preferably detectably labeled or have a binding site for a detectable

label. Preferably, the probes or primers ofthe invention are at least about 7, more

preferably at least about 15, contiguous nucleotides bases having at least about 80%

10 identity, more preferably at least about 90% identity, to the isolated nucleic acid

molecules of the invention. Such probes or primers are useful to detect, quantify,

isolate and/or amplifyDNA strands with complementary to sequences related to p95

in mammalian tissue samples.

Another embodiment ofthe invention is an expression cassette comprising a

15 promoter operably linked to a DNA segment encoding p95, a biologically active

subunit or variant thereof, as well as host cells comprising said expression cassettes.

Preferably, the expression cassette ofthe invention encodes a fusion polypeptide

comprising p95, biologically active subunit or variant thereof. A further

embodiment ofthe invention is an expression cassette comprising a promoter

20 operably linked to a DNA segment encoding a fusion polypeptide comprising

Mrel 1, a biologically active subunit or variant thereof.

The expression cassettes of the invention may be employed in a method of

altering the amount ofaDNA repair polypeptide in a cell The method comprises

introducing into a host cell aDNA segment encoding p95, a biologically active

25 subunit or variant thereof, or the complement thereof, operably linked to a promoter

functional in the host cell, so as to yield a transformed host cell The DNA segment

is expressed in the transformed host cell as in an amount that alters the amount of

the polypeptide produced by the transformed cell relative to the amount ofthe native

p95 produced by a corresponding untransformed cell. Ifthe DNA segment is

30 operatively linked to the promoter in a sense orientation, the amount ofthe
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recombinant polypeptide produced by the transformed host cell is increased relative

to the amount of the native polypeptide produced by the corresponding

untransformed host cell Ifthe DNA segment is in an anti-sense orientation relative

to the promoter, the amount of the native polypeptide produced by the transformed

5 host cell is decreased relative to the amount of the native polypeptide produced by

the corresponding untransformed host cell.

The invention further provides a method to produce aDNA repair

polypeptide, comprising: culturing a host cell transformed with a DNA molecule

comprising aDNA segment encoding aDNA repair polypeptide having a molecular

1 0 weight of about 95000 Da, or a biologically active subunit or variant thereof,

operably linked to a promoter, so that said host cell expresses said polypeptide.

Preferably, the polypeptide is isolated from the host cell and purified. Therefore,

the invention also provides isolated, purified p95, such as a polypeptide having SEQ

ID NO:2) 5
or a biologically active subunit or variant thereof. An isolated fusion

15 polypeptide comprising SEQ ID NO:6 (Mrel 1), or a biologically active subunit or

variant thereof, is also provided. The polypeptides ofthe invention are useful to

detect antibodies that specifically react therewith, and in therapeutic applications.

The isolated polypeptide ofthe invention, preferably a fusion polypeptide

comprising p95, a portion or a variant thereof, or a fusion polypeptide comprising

20 Mrel 1, a portion or a variant thereof, is useful to prepare antisera specific for the

polypeptide employed to raise the antisera. Thus, the isolated polypeptide ofthe

invention is useful in an immunogenic composition or a vaccine, preferably in

combination with a phaimaceutically acceptable carrier, which, when administered

to an animal, induces the production of antibodies to said polypeptide. Hence,

25 another embodiment ofthe invention is an isolated, purified antibody that

specifically binds to aDNA repair polypeptide having a molecular weight ofabout

95000 Da. Antibodies within the scope ofthe invention include monoclonal

antibodies and polyclonal antibodies. Also provided is a hybridoma cell line which

produces a monoclonal antibody of the invention.
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The invention also provides diagnostic and therapeutic methods. Diagnostic

methods are useful to identify or detect a patient at risk ofNBS, e.g., NBS

heterozygotes, a mammal having an increased risk ofcancer, or a mammal having

an increased sensitivity to radiation or chemotherapy as a result of a decreased

5 ability to repair DNA damage. For example, a diagnostic method for detecting

nucleic acid encoding aDNA repair protein having a molecular weight of95 kDa is

provided. The method comprises contacting an amount ofDNA obtained by reverse

transcription ofRNA from a mammalian, e.g., human, sample, such as a

physiological sample, which comprises cells, with an amount of at least two

1 0 oligonucleotides under conditions effective to amplify the DNA by a polymerase

chain reaction so as to yield an amount of amplified DNA. At least one

oligonucleotide is specific for the DNA encoding the DNA repair protein. Then the

presence or absence ofamplified p95 DNA is detected or determined.

Further provided is a method for detecting a predisposition for cancer in a

1 5 human. The method comprises contacting an amount ofDNA obtained by reverse

transcription ofRNA from a human physiological sample which comprises cells,

with an amount of at least two oligonucleotides under conditions effective to

amplify DNA encoding p95, or a subunit or variant thereof, by a polymerase chain

reaction so as to yield an amount ofamplified DNA. At least one oligonucleotide is

20 specific for the DNA encoding the DNA repair protein. The presence or absence of

the amplified DNA is detected or determined. A reduction in the amount of

amplified DNA, relative to a control sample, is indicative of a predisposition to

cancer in said human. The control sample can be cDNA obtained from human cells

having and expressing two copies ("wild-type levels") ofthe p95 gene.

25 Physiological samples useful in the methods ofthe invention include, but are not

limited to, whole blood, fluid containing sperm, cells obtained by biopsy, e.g.,

tissues, such as chorionic villi or cultured cells.

Also provided is a method to detect a deletion in a gene encoding a DNA

repair protein in a mammalian sample. The method comprises contacting a first

30 amount ofa labeled probe comprising at least a portion ofaDNA encoding p95
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with the test sample which comprises mammalian cells, for a sufficient time to form

binary complexes between at least a portion of said amount ofprobe and a portion

ofthe cells in the sample, wherein the DNA repair protein has a molecular weight of

about 95000 Da. The amount ofbinary complexes is detected or determined and

5 compared to the amount of binary complexes formed between a second amount of

said probe and a control sample comprising mammalian cells, which cells contain

two complete copies of the DNA repair protein gene, wherein a relative lesser

amount ofbinary complexes formed with the test sample is indicative of deletion of

at least a portion ofthe gene.

10 Yet another embodiment ofthe invention is a method to detect genetic

modifications of a DNA repair protein gene in a mammalian biological or

physiological sample. The method comprises contacting an amount of a labeled

probe comprising at least a portion ofDNA encoding the DNA repair protein with

genomic DNA orRNA isolated from the mammalian physiological test sample, for

15 a sufficient time to form binary complexes between at least a portion of said probe

and a portion of the genomic DNA or RNA. The amount ofbinary complexes

formed with the test sample is compared to the amount ofbinary complexes formed

between a second amount of said probe and a genomic DNA or RNA sample from

mammalian cells which contain and/or express two copies of the DNA repair protein

20 gene, wherein a relative lesser amount ofbinary complexes formed with the test

sample is indicative ofdeletion ofthe gene.

Another method to determine genetic modifications of aDNA repair protein

gene in a mammalian physiological sample comprises subjecting DNA isolated

from the test sample to a polymerase chain reaction using a plurality ofprimers

25 under reaction conditions sufficient to amplify at least a portion of said gene to

produce an amplification product, wherein the DNA repair protein has a molecular

weight ofabout 95000 Da. Then it is determined whether the amplification product

obtained from the test sample is different than an amplification product obtained by

subjecting DNA isolated from a control sample which does not comprise genetic

30 modifications of the gene to a polymerase chain reaction using the plurality of said
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primers under reaction conditions sufficient to amplify at least a portion ofthe gene.

Preferably, the method further comprises analyzing the amplification product ofthe

test sample to determine the presence or absence of a point mutation in the p95

gene.

5 Also provided is a method for detecting or determining a DNA repair protein

in a mammalian physiological or biological sample comprising cells. The method

contacting an amount of an agent which specifically reacts with the DNA repair

protein with the sample to be tested for a sufficient time to allow the formation of

binary complexes between at least a portion of said agent and a portion of said

1 0 protein, wherein the DNA repair protein has a molecular weight of about 95000 Da.

The presence or amount ofthe protein complexed with said agent is then detected or

determined. Preferably, the sample is a mammalian tissue sample. It is preferred

that the agent which specifically reacts with the DNA repair protein is an antibody

ofthe invention, which optionally may be labeled or contain a detectable label. It is

1 5 also preferred that the detection ofcomplex formation is accomplished with a

second agent comprising a detectable label or which binds to a detectable label, e.g.,

a labeled antibody, to form a detectable ternary complex.

Yet a further embodiment ofthe invention is method for detecting or

determining aDNA repair protein in a sample ofhuman physiological fluid

20 comprising isolated polypeptides or proteins. This method comprises contacting an

amount of an agent which specifically reacts with the DNA repair protein with the

sample to be tested for a sufficient time to allow the formation ofbinary complexes

between at least a portion of said agent and a portion of said protein, wherein the

DNA repair protein has a molecular weight ofabout 95000 Da. The amount of

25 complex formation is then detected or determined.

Therapeutic methods of the invention include methods to supplement a

deficiency ofp95, e.g., via gene therapy or administration ofnative or recombinant

p95, or as a preventative therapy in "normal" individuals exposed to agents that

mediate DNA damage. For example, patients having decreased amounts ofp95,

30 e.g., p95 heterozygotes, may have an increased risk ofcancer when exposed to
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routine X-rays, e.g., mammography. Other therapeutic methods employ targeted

delivery of inhibitors ofp95 to inhibit or treat cancer. Thus, the administration of an

inhibitor ofp95 to tumor cells may increase tumor cell sensitivity to radiation

("radiosensitizers") or chemotherapy. To identify such inhibitors, methodologies

5 including, but not limited to, phage display, may be employed to identify peptides or

polypeptides that specifically bind to p95.

Also provided is a transgenic non-human animal, e.g., a rodent such as a

mouse or rat, whose cells contain a chimeric DNA sequence, said chimeric DNA

sequence comprising: a transcription control sequence and aDNA segment which

10 encodes aDNA repair polypeptide having a molecular weight ofabout 95000 Da, or

a biologically active subunit, wherein the transcription control sequence and the

DNA segment are operatively linked to each other and are integrated into the

genome ofthe animal, and wherein the DNA segment is expressed in the transgenic

animal so as to result in said animal exhibiting increased amounts ofthe DNA repair

15 polypeptide. Another embodiment ofthe invention is a transgenic non-human

animal which expresses aDNA segment encoding a variant, or a subunit thereof, of

the DNA repair polypeptide, which, when the variant p95 polypeptide or subunit

thereof is present in the Mrel 1/Rad50 complex, disrupts the function ofthe complex

and so results in an animal exhibiting aberrant or decreased DNA repair.

20 Further provided is a method to express ofp95 in a transgenic non-human

animal. The method comprises expressing a chimeric DNA sequence in the cells of

a transgenic animal, wherein the chimeric DNA sequence comprises a transcription

control sequence operatively linked to aDNA segment which encodes aDNA repair

polypeptide having a molecular weight ofabout 95000 Da as determined by SDS-

25 PAGE, wherein the chimeric DNA sequence is integrated into the genome of the

animal, and wherein the DNA segment is expressed in the transgenic animal so as to

result in said animal exhibiting increased amounts ofthe DNA repair polypeptide.

Yet another embodiment ofthe invention is a method ofusing a transgenic

animal, e.g., a transgenic rodent, to screen for an agent that modulates a DNA repair

30 polypeptide. The method comprises exposing or administering the agent to the
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transgenic rodent, wherein the transgenic rodent comprises a chimeric DNA

sequence comprising a transcription control sequence operatively linked to aDNA

segment which encodes a DNA repair polypeptide having a molecular weight of

about 95000 Da as determined by SDS-PAGE, wherein the chimeric DNA sequence

5 is integrated into the genome ofthe rodent, and wherein the DNA segment is

expressed as the DNA repair polypeptide in the transgenic rodent. Then it is

determined whether said agent modulates the amount ofthe DNA repair polypeptide

in the transgenic rodent relative to a transgenic rodent which has not been

administered the agent. Preferably, the agent inhibits or reduces the amount or

10 activity ofp95. Alternatively, the agent increases the amount or activity ofp95.

The invention also provide a recombinant non-human animal, the genome of

which does not encode a functional DNA repair protein having a molecular weight

ofabout 95000 Da, e.g., a p95
<c
knock-out" mouse. The recombinant non-human

animal is useful to study DNA repair, efficacy ofradiotherapy and to test agents for

1 5 their therapeutic potential.

Brief Description of the Figures

Figure 1. (A) Diagram ofthe partial volume irradiation scheme. The

thickness of the mylar surface (8 |im) is not drawn to scale. (B) Scanning electron

20 micrograph of irradiation mask. Bar, 1 pm.

Figure 2. Partial volume irradiation of37Lu or 180BR human fibroblasts.

The cells were labeled for DSBs with BrdU and FITC-conjugated anti-BrdU mAb

(A, C, E), followed by DAPI (B, D) counterstaining. (A, B) 37Lu, 30 minutes post-

irradiation; bar, 5 \im; (C, D) 37Lu, 90 minutes post-irradiation; bar 5 \im;

25 (E) 1 80 BR, 5 hours post-irradiation; Bar, 5 \im; (F-I) Optical sections of a partially

irradiated 37Lu nucleus labeled for DSBs with BrdU. Representative images

separated by 1 .0 pm are shown, with increasing distance from the X-ray beam from

(F) to (I). The high background observed in (F) is caused by autofluorescence from

the Mylar plating surface.
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Figure 3. Colocalization ofBrdU incorporation and hMrel 1 stripes. At

30 minutes post-irradiation, 37Lu fibroblasts were sequentially labeled to detect

(A) BrdU (FITC-conjugated anti-BrdU mAb), (B) hMrel 1, and (C) DNA (DAPI).

(D) Merged image of (A) to (C), Bar, 10 *im.

5 Figure 4. Localization ofhMrel 1 to stripes after partial volume irradiation.

37Lu (A to D) or 180BR (E) fibroblasts were fixed after partial volume irradiation

and stained for hMrel 1 or hRad 51. (A) anti-hMrel 1 , 30 minutes post-irradiation;

(B) anti-hRad51 , 30 minutes post-irradiation; (C) anti-hMrel 1, 5 hours post-

irradiation; note that one nucleus (arrow) shows a weak stripe pattern; (D) anti-

10 hRadSl, 5 hours post-irradiation; (E) anti-hMrel 1 in 180BR cells, 5 hours post-

irradiation. Bar in (A) and (D), 10 ^im; in (B), (C) and (E), 5 fim.

Figures. Purification ofhRadSO/hMrell complex. The eluent from the

anti-hMrel 1 protein A-agarose beads was separated by SDS-PAGE and stained with

colloidal coomassie blue. The five specific bands that purify with the complex are

15 indicated.

Figure 6. Structure ofthe p95 cDNA. (A) The schematic diagram represents

the structure ofthe p95 cDNA. The entire 4,483 basepair (bp) cDNA (SEQ ID

NO:l) is represented by the thin line and the rectangular box is the 754 amino acid

(aa) open reading frame (ORF) (SEQ ID NO:2). Within the ORF the grey box

20 indicates the N-terminal region showing homology to S. cerevisiae Xrs2. The solid

line above the ORF indicates the region cloned by two-hybrid screen utilizing

hMrel 1 as bait. (B) N-terminal alignment ofp95 (SEQ ID NO:3) with Xrs2 (SEQ

ID NO:4). The shaded boxes indicate the regions of similarity. The two proteins

show 28% identity and 46% similarity over the region displayed. The following

25 amino acids were considered similar: {D, E, N, Q} {F, W, Y} {I, L, V} {K, R} {A,

G} {S,T} {C} {H} {M} {P}. (C) A Zoo-Blot Southern blot (Clontech, Palo Alto,

CA) ofEcoRI digested DNA from various species was probed with the NBS1

cDNA. Lane 1, human; lane 2, monkey; lane 3, rat; lane 4, mouse; lane 5, dog; lane

6, cow; lane 7, rabbit; lane 8, chicken; and lane 9, yeast. The position of size

30 markers (in kilobase pairs) is indicated on the left.
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Figure 7. Northern blot analysis ofp95 and hMREl L (A) A human

multiple tissue Northern blot was probed with a cDNA fragment corresponding to

bp 1-535 ofiheNBSJ cDNA. Lane 1, peripheral blood lymphocytes; lane 2, colon;

lane 3, small intestine; lane 4, ovary; lane 5, testis; lane 6, prostate; lane 7, thymus;

5 and lane 8, spleen. The positions of the size markers is indicated at right. (B) the

blot in (A) was stripped and reprobed with a cDNA fragment from the 3'-UTR of

the NBS1 cDNA corresponding to bp 3449-4385. The lanes and markers are

identical to (A). (C) The blot from (A) was stripped and reprobed with the human

MRE11 cDNA.

10 Figure 8. Interaction ofp95 with the hRad50/hMrel 1 complex.

(A) Immunoprecipitations were carried out using K562 crude extract and subjected

to Western blot analysis. The Western blot was probed with hRad50> hMrel 1, and

p95 antisera. Lanes 1, 3, and 5 are immunoprecipitates with hRadSO, hMrel 1, and

p95 antisera, respectively, and lanes 2, 4, and 6 are the corresponding preimmune

15 sera. (B) Fractions from a Superose 6 FPLC separation of an aliquot ofDEAE pool

were subjected to Western blot analysis using hRad50, hMrel 1, and p95 antisera.

The numbers at the top are the fraction numbers and the positions ofthe three

proteins are indicated on the left.

Figure 9. FISH localization ofNBS1 to 8q21.3. Biotin-labeled p95 cDNA

20 probe was hybridized to human metaphase cells from phytohemagglutin-stimulated

peripheral blood lymphocytes. The chromosome 8 homologues are identified with

arrows; specific labeling was observed at 8q21.3. The inset shows partial

karyotypes oftwo chromosome 8 homologues illustrating specific labeling at 8q2L3

(arrowheads). Images were obtained using a Zeiss Axiophot microscope coupled to

25 a cooled charge coupled device (CCD) camera. Separate images ofDAPI stained

chromosomes and the hybridization signal merged using image analysis software

(NU200 and Image 1.57).

Figure 10. Analysis ofp95 and the hRadSO/hMrel 1 complex in NBS cells.

(A) Crude extracts ofnormal cells (TK6, 37Lu, IMR90, and K562), an AT cell line

30 (AT3BI), and NBS cells (JS, KW, W1799, DST, GM7078) were subjected to
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Western blot with p95 antiserum. (B) Immunoprecipitations were carried out on

crude extracts from JS cells (NBS) and control cell line TK6 hMrell antiserum

(hMrel 1 IP) or preimmune serum (PI). The resulting precipitates were subjected to

Western blotting analysis with hMrel I, hRadSO, and p95 antisera. The positions of

5 the three proteins are indicated on the left.

Figure 1 L Ionizing Radiation Induced Foci (IRIF) formed by p95 and

hMrel 1 in 37Lu andNBS cells. Irradiated 37Lu primary fibroblasts were harvested

at 8 hours post-irradiation, fixed, and probed with p95 antiserum and hMrel 1 mAb

8F3 (A-D). Images were captured ofthe same nuclei under FITC (1 1A, p95),

10 Texas Red (1 IB, hMrel 1), DAPI (1 1 C) filters and merged (1 ID) in Adobe

Photoshop. Normal IMR90 fibroblasts (E-N) and W1799 NBS fibroblasts (M-X)

were assessed for the ability to form IRIF. Unirradiated (E-H, K-L, O-R, U, V) or

irradiated (I-J, M-N, S-T, W-X) cells were harvested at 8 hours post-treatment,

fixed, and stained with DAPI and three different antibodies. Panels F, O are p95

15 preimmune serum; F, L are the corresponding DAPI stains. Panels G, I, Q, S, are

stained with p95 antiserum; H, J, R, T are the corresponding DAPI stains. Panels K,

M,U,W are stained with hMrel 1 antiserum; L, N, V, X are the corresponding DAPI

stains.

Figure 12. Codons for specified amino acids.

20 Figure 13. Exemplary and preferred amino acid substitutions.

Figure 14. cDNA sequence ofp95.

Figure 15. Amino acid sequence ofp95.

Detailed Description of the Invention

25 Definitions

As used herein, the terms "isolated and/or purified" refer to in vitro

preparation, isolation and/or purification of a nucleic acid molecule or polypeptide

of the invention, so that it is not associated with in vivo substances.

As used herein, a "DNA repair polypeptide or protein having a molecular

30 weight of95000 Da" or "p95" refers to a polypeptide which is part ofthe
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mammalian Mrel 1/Rad50 complex that repairs DSB in DNA. p95 preferably has

100% amino acid sequence homology or identity to SEQ ID NO:2, or a biologically

active subunit thereof. Moreover, it is envisioned that p95, or a subunit thereof, may

comprise moieties other than the amino acid sequence having SEQ ID NO:2, e.g.,

5 amino acid residues not present in the native polypeptide (e.g., a fusion protein),

nucleic acid molecules or targeting moieties such as antibodies or fragments thereof,

so long as these moieties do not substantially reduce the biological activity ofp95.

A substantial reduction in activity means a reduction in activity of greater than about

50%.

10 A 'Variant" p95 is a polypeptide which has at least about 50%, preferably at

least about 80%, and more preferably at least about 90%, but less than 100%,

contiguous amino acid sequence homology or identity to the amino acid sequence

corresponding to SEQ ID NO:2. Preferably, a variant polypeptide ofthe invention

is biologically active. Thus, a variant p95 of the invention may include amino acid

15 residues not present in SEQ ID NO:2, e.g., amino acid substitutions, and amino

and/or carboxy, or internal, deletions or insertions, of amino acid residues relative

to SEQ ID NO:2. Variant polypeptides ofthe invention can include polypeptides

having at least one D-amino acid, as well as moieties other than the amino acid

residues that correspond to SEQ ID NO:2, such as amino acid residues that form a

20 part of a fusion protein, nucleic acid molecules or targeting moieties such as

antibodies or fragments thereof, so long as these moieties do not substantially

reduce the biological activity of a variant p95. p95 polypeptides or variants which

are subjected to chemical modifications, such as esterification, amidation, reduction,

protection and the like, are referred to as "derivatives."

25 Preferably, the polypeptides ofthe invention are biologically active". A

biologically active polypeptide ofthe invention has at least about 1%, more

preferably at least about 10%, and more preferably at least about 50%, of the

activity of a polypeptide having SEQ ED NO:2. The activity of aDNA repair

polypeptide can be measured by methods well known to the art, some ofwhich are

30 described hereinbelow. The methods include DNA binding in vitro; DNA binding
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in cells as determined by nuclear focus formation or assessed by partial volume

irradiation (see Example 1); physical association with the hMrel l/hRad50 protein

complex, as determined by biochemical or genetic means; or alteration in the

nuclease activities mediated by the hMrel l/hRad50 complex. A biologically active

5 polypeptide ofthe invention also includes polypeptides that are immunogenic, i.e.,

they are useful to raise antisera specific for the immunogen.

A variant nucleic acid molecule of the invention has at least about 70%,

preferably at least about 80%, and more preferably at least about 90%, but less than

100%, contiguous nucleotide sequence homology or identity to SEQ ID NO: 1 . A

10 variant nucleic acid molecule ofthe invention may include nucleotide bases not

present in SEQ ID NO:l, e.g., 5\ 3' or internal deletions or insertions, such as the

insertion of a restriction endonuclease recognition site.

A "recombinant" animal, e.g., a mouse, of the invention has a genome that

has been manipulated in vitro so as to alter, e.g., decrease or disrupt, or,

15 alternatively, increase, the function or activity of at least one copy ofthe p95 gene.

T Identification ofNucleic Acid Molecules Falling Within the Scope of the

Invention

A. Nucleic Acid Molecules of the Invention

20 1 - Sources ofthe Nucleic Acid Molecules of the Invention

Sources ofnucleotide sequences from which the present nucleic acid

molecules encoding p95, a subunit, a variant or the nucleic acid complement

thereof, include total or polyA* RNA from any vertebrate, preferably mammalian,

cellular source from which cDNAs can be derived by methods known in the art.

25 Other sources of the DNA molecules ofthe invention include genomic libraries

derived from any vertebrate cellular source.

2. Isolation ofa Gene Encoding p95

A nucleic acid molecule encoding p95 can be identified and isolated using

30 standard methods, as described by Sambrook et al., Molecular Cloning: A
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T Moratory Manual. Cold Spring Harbor, NY (1989). For example, reverse-

transcriptase PCR (RT-PCR) can be employed to isolate and clone p95 cDNAs.

Oligo-dT can be employed as a primer in a reverse transcriptase reaction to prepare

first-strand cDNAs from isolated RNA which contains RNA sequences of interest,

5 e.g., total RNA isolated from human tissue. RNA can be isolated by methods

known to the art, e.g., using TRIZOL™ reagent (GIBCOBRL/Life Technologies,

Gaithersburg, MD). Resultant first-strand cDNAs are then amplified in PCR

reactions.

"Polymerase chain reaction" or "PCR" refers to a procedure or technique in

1 0 which amounts ofa preselected fragment ofnucleic acid, RNA and/or DNA, are

amplified as described in U.S. Patent No. 4,683,195. Generally, sequence

information from the ends ofthe region of interest or beyond is employed to design

oligonucleotide primers comprising at least 7-8 nucleotides. These primers will be

identical or similar in sequence to opposite strands ofthe template to be amplified.

1 5 PCR can be used to amplify specific RNA sequences, specific DNA sequences from

total genomic DNA, and cDNA transcribed from total cellular RNA, bacteriophage

or plasmid sequences, and the like. See generally Mullis et al., Cold Spring Harbor

Symp. Quant. Biol.. 51, 263 (1987); Erlich, ed., PCR Technology, (Stockton Press,

NY, 1989). Thus, PCR-based cloning approaches rely upon conserved sequences

20 deduced from alignments of related gene or polypeptide sequences.

Primers are made to correspond to highly conserved regions ofpolypeptides

or nucleotide sequences which were identified and compared to generate the

primers, e.g., by a sequence comparison ofother vertebrate, preferably mammalian,

p95s. One primer is prepared which is predicted to anneal to the antisense strand,

25 and another primer prepared which is predicted to anneal to the sense strand, of a

DNA molecule which encodes p95.

The products ofeach PCR reaction are separated via an agarose gel and all

consistently amplified products are gel-purified and cloned directly into a suitable

vector, such as a known plasmid vector. The resultant plasmids are subjected to

30 restriction endonuclease and dideoxy sequencing ofdouble-stranded plasmid DNAs.
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Another approach to identify, isolate and clone cDNAs which encode p95 is

to screen a cDNA library. Screening for DNA fragments that encode all or a portion

of a cDNA encoding p95 can be accomplished by probing the library with a probe

which has sequences that are highly conserved between genes believed to be related

5 to p95, e.g., the homolog ofp95 from a different species, or by screening ofplaques

for binding to antibodies that specifically recognize p95 or by binding to proteins

that interact with p95, e.g., mammalian, preferably human, Mrel 1/Rad50 complex.

DNA fragments that bind to a probe having sequences which are related to p95,

which are immunoreactive with antibodies to p95, or which bind to agents that

1 0 specifically react with p95, can be subcloned into a suitable vector and sequenced

and/or used as probes to identify other cDNAs encoding all or a portion ofp95.

As used herein, the terms "isolated and/or purified" refer to in vitro isolation

ofaDNA or polypeptide molecule from its natural cellular environment, and from

association with other components ofthe cell, such as nucleic acid or polypeptide,

15 so that it can be sequenced, replicated, and/or expressed. For example, "isolated p95

nucleic acid" is RNA orDNA containing greater than 9, preferably 36, and more

preferably 45 or more, sequential nucleotide bases that encode at least a portion of

p95, or a variant thereof, or a RNA orDNA complementary thereto, that is

complementary or hybridizes, respectively, to RNA or DNA encoding p95 and

20 remains stably bound under stringent conditions, as defined by methods well known

in the art, e.g., in Sambrook et al, supra. Thus, the RNA or DNA is "isolated" in

that it is free from at least one contaminating nucleic acid with which it is normally

associated in the natural source ofthe RNA or DNA and is preferably substantially

free of any other mammalian RNA or DNA. The phrase "free from at least one

25 contaminating source nucleic acid with which it is normally associated" includes the

case where the nucleic acid is reintroduced into the source or natural cell but is in a

different chromosomal location or is otherwise flanked by nucleic acid sequences

not normally found in the source cell. An example of isolated nucleic acid within

the scope ofthe invention is RNA or DNA that encodes human p95 and shares at

30 least about 80%, preferably at least about 90%, and more preferably at least about
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95%, sequence identity with the polypeptide having SEQ ID NO:2, e.g., DNA

corresponding to SEQ ID NO: 1

.

As used herein, the term "recombinant nucleic acid" or "preselected nucleic

acid," e.g., "recombinant DNA sequence or segment" or "preselected DNA

5 sequence or segment" refers to a nucleic acid, e.g., to DNA, that has been derived or

isolated from any appropriate tissue source, that may be subsequently chemically

altered in vitro, so that its sequence is not naturally occurring, or corresponds to

naturally occurring sequences that are not positioned as they would be positioned in

a genome which has not been transformed with exogenous DNA. An example of

10 preselectedDNA "derived" from a source, would be a DNA sequence that is

identified as a useful fragment within a given organism, and which is then

chemically synthesized in essentially pure form. An example of such DNA

"isolated" from a source would be a useful DNA sequence that is excised or

removed from said source by chemical means, e.g., by the use of restriction

15 endonucleases, so that it can be further manipulated, e.g., amplified, for use in the

invention, by the methodology of genetic engineering.

Thus, recovery or isolation ofa given fragment ofDNA from a restriction

digest can employ separation of the digest on polyacrylamide or agarose gel by

electrophoresis, identification ofthe fragment of interest by comparison of its

20 mobility versus that ofmarker DNA fragments ofknown molecular weight, removal

ofthe gel section containing the desired fragment, and separation of the gel from

DNA. See Lawn et aL, Nucleic Acids Res., % 6103 (1981), and Goeddel et al,

Nucleic Adds Res.
r &, 4057 (1980). Therefore, "preselected DNA" includes

completely synthetic DNA sequences, semi-synthetic DNA sequences, DNA

25 sequences isolated from biological sources, and DNA sequences derived from RNA,

as well as mixtures thereof.

As used herein, the term "derived" with respect to aRNA molecule means

that the RNA molecule has complementary sequence identity to a particular DNA

molecule.
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^, Variants of thet Nucleic Acid Molecules of the invention

Nucleic acid molecules encoding amino acid sequence variants ofp95 are

prepared by a variety ofmethods known in the art. These methods include, but are

not limited to, isolation from a natural source (in the case of naturally occurring

5 amino acid sequence variants) or preparation by oligonucleotide-mediated (or site-

directed) mutagenesis, PCR mutagenesis, and cassette mutagenesis ofan earlier

prepared variant or a non-variant version ofp95.

Oligonucleotide-mediated mutagenesis is a preferred method for preparing

amino acid substitution variants ofp95. This technique is well known in the art as

10 described by Adelman et al, DNA, 2, 183 (1983). Briefly, p95 DNA is altered by

hybridizing an oligonucleotide encoding the desired mutation to a DNA template,

where the template is the single-stranded form of a plasmid or bacteriophage

containing the unaltered or native DNA sequence ofp95. After hybridization, a

DNA polymerase is used to synthesize an entire second complementary strand of the

15 template that will thus incorporate the oligonucleotide primer, and will code for the

selected alteration in the p95 DNA.

Generally, oligonucleotides of at least 25 nucleotides in length are used. An

optimal oligonucleotide will have 12 to 15 nucleotides that are completely

complementary to the template on either side of the nucleotide(s) coding for the

20 mutation. This ensures that the oligonucleotide will hybridize properly to the

single-stranded DNA template molecule. The oligonucleotides are readily

synthesized using techniques known in the art such as that described by Crea et al.,

Proc Natl. Acad Sri. U.S.A.. 25, 5765 (1978).

The DNA template can be generated by those vectors that are either derived

25 from bacteriophage M13 vectors (the commercially available M13mpl8 and

M13mpl9 vectors are suitable), or those vectors that contain a single-stranded phage

origin of replication as described by Viera et al., Meth. finzymol., 153, 3 (1987).

Thus, the DNA that is to be mutated may be inserted into one ofthese vectors to

generate single-stranded template. Production of the single-stranded template is
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described in Sections 4.21-4.41 of Sambrook et al., Molecular Cloning; A

T Moratory Manual (Cold Spring Harbor Laboratory Press, N.Y. 1989).

Alternatively, single-stranded DNA template may be generated by

denaturing double-stranded plasmid (or other) DNA using standard techniques.

5 For alteration ofthe native DNA sequence (to generate amino acid sequence

variants, for example), the oligonucleotide is hybridized to the single-stranded

template under suitable hybridization conditions. A DNA polymerizing enzyme,

usually the Klenow fragment ofDNA polymerase I, is then added to synthesize the

complementary strand ofthe template using the oligonucleotide as a primer for

1 0 synthesis. A heteroduplex molecule is thus formed such that one strand ofDNA

encodes the mutated form ofp95, and the other strand (the original template)

encodes the native, unaltered sequence ofp95. This heteroduplex molecule is then

transformed into a suitable host cell, usually a prokaryote such as E. coli JM1 01

.

After the cells are grown, they are plated onto agarose plates and screened using the

1 5 oligonucleotide primer radiolabeled with 32-phosphate to identify the bacterial

colonies that contain the mutated DNA. The mutated region is then removed and

placed in an appropriate vector for peptide or polypeptide production, generally an

expression vector ofthe type typically employed for transformation of an

appropriate host.

20 The method described immediately above may be modified such that a

homoduplex molecule is created wherein both strands of the plasmid contain the

mutations(s). The modifications are as follows: The single-stranded

oligonucleotide is annealed to the single-stranded template as described above. A

mixture ofthree deoxyribonucleotides, deoxyriboadenosine (dATP),

25 deoxyriboguanosine (dGTP), and deoxyribothymidine (dTTP), is combined with a

modified thiodeoxyribocytosine called dCTP-(aS) (which can be obtained from the

Amersham Corporation). This mixture is added to the template-oligonucleotide

complex. Upon addition ofDNA polymerase to this mixture, a strand ofDNA

identical to the template except for the mutated bases is generated. In addition, this
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new strand ofDNA will contain dCTP-(aS) instead ofdCTP, which serves to

protect it from restriction endonuclease digestion.

After the template strand ofthe double-stranded heteroduplex is nicked with

an appropriate restriction enzyme, the template strand can be digested with ExoIII

5 nuclease or another appropriate nuclease past the region that contains the site(s) to

be mutagenized. The reaction is then stopped to leave a molecule that is only

partially single-stranded. A complete double-stranded DNA homoduplex is then

formed using DNA polymerase in the presence of all four deoxyribonucleotide

triphosphates, ATP, and DNA ligase. This homoduplex molecule can then be

1 0 transformed into a suitable host cell such as E. coli JM1 0 1

.

For example, a preferred embodiment ofthe invention is an isolated and

purified DNA molecule comprising aDNA segment encoding SEQ ID NO:2,

wherein the DNA segment comprises SEQ ID NO:l, or variants ofSEQ ID NO:l,

having nucleotide substitutions which are "silent" (see Figure 12). That is, when

15 silent nucleotide substitutions are present in a codon, the same amino acid is

encoded by the codon with the nucleotide substitution as is encoded by the codon

without the substitution. For example, valine is encoded by the codon GTT, GTC,

GTA and GTG. A variant ofSEQ ID NO:l at the twenty-second codon in the

polypeptide (GTT in SEQ ID NO:l) includes the substitution ofGTC, GTA or GTG

20 for GTT. Other "silent" nucleotide substitutions in SEQ ID NO: 1 which can encode

SEQ ID NO:2 can be ascertained by reference to Figure 12 and page Dl in

Appendix D in Sambrook et al., Molecular Cloning: A Laboratory Manual (1989).

Nucleotide substitutions can be introduced into DNA segments by methods well

known to the art, to yield nucleic acid molecules ofthe invention having silent

25 nucleotide substitutions, or to yield nucleic acid molecules having nucleotide

substitutions that result in amino acid substitutions (see polypeptide variants

hereinbelow).
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TT. Preparation ofMolecules Useful to Practice the Methods ofthe Invention

A, Nucleic acid molecules

1 . Chimeric Expression Cassettes

To prepare expression cassettes for transformation herein, the recombinant

5 or preselected DNA sequence or segment may be circular or linear, double-stranded

or single-stranded. A preselected DNA sequence which encodes an RNA sequence

that is substantially complementary to a mRNA sequence encoding p95 is typically

a "sense" DNA sequence cloned into a cassette in the opposite orientation (i.e., 3' to

5
' rather than 5' to 3'). Generally, the preselected DNA sequence or segment is in

10 the form of chimeric DNA, such as plasmid DNA, that can also contain coding

regions flanked by control sequences which promote the expression ofthe

preselected DNA present in the resultant cell line.

As used herein, "chimeric" means that a vector comprises DNA from at least

two different species, or comprises DNA from the same species, which is linked or

1 5 associated in a manner which does not occur in the "native" or wild type of the

species. In particular, a chimeric vector includes the linking ofan open reading

frame encoding at least a portion ofp95, or a variant thereof, with another nucleic

acid segment that encodes a peptide, e.g., GST or 6XHis, so as to encode a fusion

polypeptide. The portion ofthe fusion polypeptide that is not p95 is useful to

20 isolate the fusion polypeptide from other host cell polypeptides.

Aside from preselected DNA sequences that serve as transcription units for

p95, or portions thereof, a portion of the preselectedDNA may be untranscribed,

serving a regulatory or a structural function. For example, the preselected DNA

may itselfcomprise a promoter that is active in mammalian cells, or may utilize a

25 promoter already present in the genome that is the transformation target. Such

promoters include the CMV promoter, as well as the SV40 late promoter and

retroviral LTRs (long terminal repeat elements), although many other promoter

elements well known to the art may be employed in the practice ofthe invention.

Other elements functional in the host cells, such as introns, enhancers,

30 polyadenylation sequences and the like, may also be a part ofthe preselected DNA.
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Such elements may or may not be necessary for the function of the DNA, but may

provide improved expression of the DNA by affecting transcription, stability of the

mRNA, or the like. Such elements may be included in the DNA as desired to obtain

the optimal performance ofthe transforming DNA in the cell.

5 "Control sequences" is defined to mean DNA sequences necessary for the

expression ofan operably linked coding sequence in a particular host organism. The

control sequences that are suitable for prokaryotic cells, for example, include a

promoter, and optionally an operator sequence, and a ribosome binding site.

Eukaryotic cells are known to utilize promoters, polyadenylation signals, and

10 enhancers.

"Operably linked" is defined to mean that the nucleic acids are placed in a

functional relationship with another nucleic acid sequence. For example, DNA for a

presequence or secretory leader is operably linked to DNA for a peptide or

polypeptide if it is expressed as a preprotein that participates in the secretion ofthe

1 5 peptide or polypeptide; a promoter or enhancer is operably linked to a coding

sequence if it affects the transcription ofthe sequence; or a ribosome binding site is

operably linked to a coding sequence if it is positioned so as to facilitate translation.

Generally, "operably linked" means that the DNA sequences being linked are

contiguous and, in the case ofa secretory leader, contiguous and in reading phase,

20 However, enhancers do not have to be contiguous. Linking is accomplished by

ligation at convenient restriction sites. If such sites do not exist, the synthetic

oligonucleotide adaptors or linkers are used in accord with conventional practice.

The preselected DNA to be introduced into the cells further will generally

contain either a selectable marker gene or a reporter gene or both to facilitate

25 identification and selection oftransformed cells from the population of cells sought

to be transformed. Alternatively, the selectable marker may be carried on a separate

piece ofDNA and used in a co-lransformation procedure. Both selectable markers

and reporter genes may be flanked with appropriate regulatory sequences to enable

expression in the host cells* Useful selectable markers are well known in the art and

30 include, for example, antibiotic and herbicide-resistance genes, such as neo, hpt,
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dhfr, bar, aroA, dapA and the like. See also, the genes listed on Table 1 of

Lundquist et al. (U.S. Patent No. 5,848,956).

Reporter genes are used for identifying potentially transformed cells and for

evaluating the functionality of regulatory sequences. Reporter genes which encode

5 for easily assayable proteins are well known in the art. In general, a reporter gene is

a gene which is not present in or expressed by the recipient organism or tissue and

which encodes a protein whose expression is manifested by some easily detectable

property, e.g., enzymatic activity. Preferred genes include the chloramphenicol

acetyl transferase gene (cat) from Tn9 ofE. coti, the beta-glucuronidase gene (gus)

10 ofthe uidA locus ofE. coli, and the luciferase gene from firefly Photinus pyralis.

Expression of the reporter gene is assayed at a suitable time after the DNA has been

introduced into the recipient cells.

The general methods for constructing recombinant DNA which can

transform target cells are well known to those skilled in the art, and the same

1 5 compositions and methods ofconstruction may be utilized to produce the DNA

useful herein. For example, J. Sambrook et al., Molecular Cloning : A Laboratory

Manual, Cold Spring Harbor Laboratory Press (2d ed., 1989), provides suitable

methods of construction.

20 2. Transformation into Host Cells

The recombinant DNA can be readily introduced into the host cells, e.g.,

mammalian, bacterial, yeast or insect cells by transfection with an expression vector

comprising DNA encoding p95 or its complement, by any procedure useful for the

introduction into a particular cell, e.g., physical or biological methods, to yield a

25 transformed cell having the recombinant DNA stably integrated into its genome, so

that the DNA molecules, sequences, or segments, ofthe present invention are

expressed by the host cell.

Physical methods to introduce a preselected DNA into a host cell include

calcium phosphate precipitation, lipofection, particle bombardment, microinjection,

30 electroporation, and the like. Biological methods to introduce the DNA of interest
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into a host cell include the use ofDNA and RNA viral vectors. The main advantage

ofphysical methods is that they are not associated with pathological or oncogenic

processes of viruses. However, they are less precise, often resulting in multiple

copy insertions, random integration, disruption of foreign and endogenous gene

5 sequences, and unpredictable expression. For mammalian gene therapy, it is

desirable to use an efficient means ofprecisely inserting a single copy gene into the

host genome. Viral vectors, and especially retroviral vectors, have become the most

widely used method for inserting genes into mammalian, e.g., human cells. Other

viral vectors can be derived from poxviruses, herpes simplex virus I, adenoviruses

10 and adeno-associated viruses, and the like.

As used herein, the term "cell line" or "host cell" is intended to refer to well-

characterized homogenous, biologically pure populations of cells. These cells may

be eukaryotic cells that are neoplastic or which have been "immortalized" in vitro by

methods known in the art, as well as primary cells, or prokaryotic cells. The cell line

15 or host cell is preferably ofmammalian origin, but cell lines or host cells ofnon-

mammalian origin may be employed, including plant, insect, yeast, fungal or

bacterial sources. Generally, the preselected DNA sequence is related to a DNA

sequence which is resident in the genome ofthe host cell but is not expressed, or not

highly expressed, or, alternatively, overexpressed.

20 "Transfected" or "transformed" is used herein to include any host cell or cell

line, the genome ofwhich has been altered or augmented by the presence of at least

one preselected DNA sequence, which DNA is also referred to in the art ofgenetic

engineering as "heterologous DNA," "recombinant DNA," "exogenous DNA,"

"genetically engineered," "non-native," or "foreign DNA," wherein saidDNA was

25 isolated and introduced into the genome ofthe host cell or cell line by the process of

genetic engineering. The host cells of the present invention are typically produced

by transfection with aDNA sequence in a plasmid expression vector, a viral

expression vector, or as an isolated linearDNA sequence. Preferably, the

transfected DNA is a chromosomally integrated recombinant DNA sequence, which
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comprises a gene encoding the p95 or its complement, which host cell may or may

not express significant levels of autologous or "native" p95.

To confirm the presence ofthe preselected DNA sequence in the host cell, a

variety ofassays may be performed. Such assays include, for example, "molecular

5 biological" assays well known to those of skill in the ant, such as Southern and

Northern blotting, RT-PCR and PCR; "biochemical" assays, such as detecting the

presence or absence ofp95, e.g., by immunological means (immunoprecipitations,

immunoaffinity columns, ELISAs and Western blots) or by any other assay useful to

identify molecules falling within the scope ofthe invention.

10 To detect and quantitate RNA produced from inlxoduced DNA segments,

RT-PCR may be employed. In this application ofPCR, it is first necessary to

reverse transcribe RNA into DNA, using enzymes such as reverse transcriptase, and

then through the use of conventional PCR techniques amplify the DNA. In most

instances PCR techniques, while useful, will not demonstrate integrity ofthe RNA

1 5 product. Further information about the nature ofthe RNA product may be obtained

by Northern blotting. This technique demonstrates the presence of an RNA species

and gives information about the integrity of that RNA. The presence or absence of

an RNA species can also be determined using dot or slot blot Northern

hybridizations. These techniques are modifications ofNorthern blotting and only

20 demonstrate the presence or absence of an RNA species

.

While Southern blotting and PCR may be used to detect the DNA segment in

question, they do not provide information as to whether the DNA segment is being

expressed. Expression may be evaluated by specifically identifying the peptide

products ofthe introduced DNA sequences or evaluating the phenotypic changes

25 brought about by the expression ofthe introduced DNA segment in the host cell.

B. Polypeptides

The present isolated, purified polypeptides, variants or derivatives thereof,

can be synthesized in vitro, e.g., by the solid phase peptide synthetic method or by

30 recombinant DNA approaches (see above). The solid phase peptide synthetic
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method is an established and widely used method, which is described in the

following references: Stewart et aL, Solid Phase Peptide Synthesis, W. H. Freeman

Co., San Francisco (1969); Merrifield, L Am. Chem. Sac, &5 2149 (1963);

Meienhofer in "Hormonal Proteins and Peptides/' ed.; CJL Li, Vol. 2 (Academic

5 Press, 1973), pp. 48-267; and Bavaay and Merrifield, 'The Peptides," eds. E. Gross

and F. Meienhofer, Vol 2 (Academic Press, 1980) pp. 3-285. These peptides and

polypeptides can be further purified by fractionation on immunoaffinity or ion-

exchange columns; ethanol precipitation; reverse phase HPLC; chromatography on

silica or on an anion-exchange resin such as DEAE; chromatofocusing; SDS-PAGE;

10 ammonium sulfate precipitation; gel filtration using, for example, Sephadex G-75;

or ligand affinity chromatography.

Once isolated and characterized, derivatives, e.g., chemically derived

derivatives, of a given p95 can be readily prepared. For example, amides ofp95 or

variants ofthe present invention may also be prepared by techniques well known in

15 the art for converting a carboxylic acid group or precursor, to an amide. A preferred

method for amide formation at the C-terminal carboxyl group is to cleave the

peptide or polypeptide from a solid support with an appropriate amine, or to cleave

in the presence of an alcohol, yielding an ester, followed by aminolysis with the

desired amine.

20 Salts of carboxyl groups ofp95 or a variant of the invention may be prepared

in the usual manner by contacting the peptide or polypeptide with one or more

equivalents ofa desired base such as, for example, a metallic hydroxide base, e.g.,

sodium hydroxide; a metal carbonate or bicarbonate baste such as, for example,

sodium carbonate or sodium bicarbonate; or an amine base such as, for example,

25 triethylamine, triethanolamine, and the like.

N-acyl derivatives of an amino group ofp95 or variants may be prepared by

utilizing an N-acyl protected amino acid for the final condensation, or by acylating a

protected or unprotected peptide* O-acyl derivatives may be prepared, for example,

by acylation of a free hydroxy peptide or peptide resin. Either acylation may be

30 carried out using standard acylating reagents such as acyl halides, anhydrides, acyl
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imidazoles, and the like. Both N- and O-acylation may be carried out together, if

desired. Formyl-methionine, pyroglutamine and trimethyl-alanine may be

substituted at the N-terminal residue ofthe peptide or polypeptide. Other amino-

terminal modifications include aminooxypentane modifications (see Simmons et al.,

5 Science, 226, 276 (1997)).

In addition, the amino acid sequence ofp95 can be modified so as to result in

a p95 variant. The modification includes the substitution of at least one amino acid

residue in p95 for another amino acid residue, including substitutions which utilize

the D rather than L form, as well as other well known amino acid analogs. These

10 analogs include phosphoserine, phosphothreonine, phosphotyrosine,

hydroxyproline, gamma-carboxyglutamate; hippuric acid, octahydroindole-2-

carboxylic acid, statine, l,2,3,4,-tetrahydroisoquinoline-3-carboxylic acid,

penicillamine, ornithine, citruline, a-methyl-alanine, para-benzoyl-phenylalanine,

phenylglycine, propargylglycine, sarcosine, and tert-butylglycine.

15 One or more ofthe residues ofthe polypeptide can be altered, so long as the

polypeptide variant is biologically active. It is preferred that the variant has at least

about 10% of the biological activity ofthe corresponding non-variant polypeptide,

e.g., a polypeptide having SEQ ID NO:2. Conservative amino acid substitutions are

preferred—that is, for example, aspartic-glutamic as acidic amino acids;

20 lysine/arginine/histidine as basic amino acids; leucine/isoleucine, methionine/valine,

alanine/valine as hydrophobic amino acids; serine/glycine/alanine/threonine as

hydrophilic amino acids.

Conservative substitutions are shown in Figure 13 under the heading of

exemplary substitutions. More preferred substitutions are under the heading of

25 preferred substitutions. After the substitutions are introduced, the variants are

screened for biological activity.

Amino acid substitutions falling within the scope ofthe invention, are, in

general, accomplished by selecting substitutions that do not differ significantly in

their effect on maintaining (a) the structure ofthe peptide backbone in the area of

30 the substitution, (b) the charge or hydrophobicity ofthe molecule at the target site,

28



or (c) the bulk of the side chain. Naturally occuiring residues are divided into

groups based on common side-chain properties:

(1) hydrophobic: norleucine, met, ala, val, leu, ile;

(2) neutral hydrophilic: cys, ser, thr;

5 (3) acidic: asp, glu;

(4) basic: asn, gin, his, lys, arg;

(5) residues that influence chain orientation: gly, pro; and

(6) aromatic; trp, tyr, phe.

The invention also envisions polypeptide variants with non-conservative

10 substitutions. Non-conservative substitutions entail exchanging a member ofone of

the classes described above for another.

Acid addition salts of the polypeptide or variant polypeptide or of amino

residues of the polypeptide or variant polypeptide may be prepared by contacting the

polypeptide or amine with one or more equivalents ofthe desired inorganic or

15 organic acid, such as, for example, hydrochloric acid. Esters ofcarboxyl groups of

the polypeptides may also be prepared by any ofthe usual methods known in the art.

C. Antibodies

The antibodies of the invention are prepared by using standard techniques.

20 To prepare polyclonal antibodies or "antisera," an animal is inoculated with an

antigen, i.e., a purified immunogenic p95 peptide or polypeptide, or a Mrel 1 peptide

or polypeptide, and immunoglobulins are recovered from a fluid, such as blood

serum, that contains the immunoglobulins, after the animal has had an immune

response. For inoculation, the antigen is preferably bound to a carrier peptide and

25 emulsified using a biologically suitable emulsifying agent, such as Freund's

incomplete adjuvant. A variety ofmammalian or avian host organisms may be used

to prepare polyclonal antibodies against p95 or Mrel 1

.

Following immunization, Ig is purified from the immunized bird or

mammal, e.g., goat, rabbit, mouse, rat, or donkey and the like. For certain

30 applications, particularly certain pharmaceutical applications, it is preferable to
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obtain a composition in which the antibodies are essentially free of antibodies that

do not react with the immunogen. This composition is composed virtually entirely

of the high titer, monospecific, purified polyclonal antibodies to p95 or Mrel 1, or

peptides thereof. Antibodies can be purified by affinity chromatography, using

5 purified p95 or Mrel 1, or peptides thereof. Purification ofantibodies by affinity

chromatography is generally known to those skilled in the art (see, for example,

U.S. Patent No. 4,533,630). Briefly, the purified antibody is contacted with the

purified p95 or Mrel 1, or peptide thereof, bound to a solid support for a sufficient

time and under appropriate conditions for the antibody to bind to the polypeptide or

10 peptide. Such time and conditions are readily determinable by those skilled in the

art. The unbound, unreacted antibody is then removed, such as by washing. The

bound antibody is then recovered from the column by eluting the antibodies, so as to

yield purified, monospecific polyclonal antibodies.

Monoclonal antibodies can be also prepared, using known hybridoma cell

1 5 culture techniques. In general, this method involves preparing an antibody-

producing fused cell line, e.g., ofprimary spleen cells fused with a compatible

continuous line ofmyeloma cells, and growing the fused cells either in mass culture

or in an animal species, such as a murine species, from which the myeloma cell line

used was derived or is compatible. Such antibodies offer many advantages in

20 comparison to those produced by inoculation ofanimals, as they are highly specific

and sensitive and relatively "pure" immunochemical^. Immunologically active

fragments ofthe present antibodies are also within the scope ofthe present

invention, e.g., the F(ab) fragment scFv antibodies, as are partially humanized

monoclonal antibodies.

25 Thus, it will be understood by those skilled in the art that the hybridomas

herein referred to may be subject to genetic mutation or other changes while still

retaining the ability to produce monoclonal antibody ofthe same desired specificity.

The present invention encompasses mutants, other derivatives and descendants of

the hybridomas.
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It will be further understood by those skilled in the art that a monoclonal

antibody may be subjected to the techniques ofrecombinant DNA technology to

produce other derivative antibodies, humanized or chimeric molecules or antibody

fragments which retain the specificity ofthe original monoclonal antibody. Such

techniques may involve combining DNA encoding the immunoglobulin variable

region, or the complementarity determining regions (CDRs), of the monoclonal

antibody with DNA coding the constant regions, or constant regions plus framework

regions, of a different immunoglobulin, for example, to convert a mouse-derived

monoclonal antibody into one having largely human immunoglobulin characteristics

(see EP 184187A, 2188638A, herein incorporated by reference).

The antibodies of the invention are useful for detecting or determining the

presence or amount ofp95 or Mrel 1 polypeptide or protein in a sample, e.g., a

physiological sample such as a mammalian tissue biopsy or a mammalian

physiological fluid comprising cells, suspected ofcontaining, or having reduced

amounts of the polypeptide or protein. The antibodies are contacted with the sample

for a period oftime and under conditions sufficient for antibodies to bind to the

polypeptide so as to form a binary complex between at least a portion of said

antibodies and said polypeptide. Such times, conditions and reaction media can be

readily determined by persons skilled in the art.

For example, the physiological sample which comprises cells may be

obtained from a mammal, e.g., a human. The cells are lysed to yield an extract

which comprises cellular proteins. Alternatively, intact cells, e.g., a tissue sample

such as paraffin embedded and/or frozen sections ofbiopsies, are permeabilized in a

manner which permits macromolecules, i.e., antibodies, to enter the cell. The

antibodies ofthe invention are then incubated with the protein extract, e.g., in a

Western blot, or permeabilized cells, e.g., prior to flow cytometry, so as" to form a

complex. The presence or amount of the complex is then determined or detected.

The antibodies ofthe invention may also be coupled to an insoluble or

soluble substrate. Soluble substrates include proteins such as bovine serum

albumin. Preferably, the antibodies are bound to an insoluble substrate, i.e., a solid
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support. The antibodies are bound to the support in an amount and manner that

allows the antibodies to bind the polypeptide (ligand). The amount of the antibodies

used relative to a given substrate depends upon the particular antibody being used,

the particular substrate, and the binding efficiency ofthe antibody to the ligand. The

5 antibodies may be bound to the substrate in any suitable manner. Covalent,

noncovalent, or ionic binding may be used. Covalent bonding can be accomplished

by attaching the antibodies to reactive groups on the substrate directly or through a

linking moiety.

The solid support may be any insoluble material to which the antibodies can

10 be bound and which may be conveniently used in an assay of the invention. Such

solid supports include permeable and semipermeable membranes, glass beads,

plastic beads, latex beads, plastic microtiter wells or tubes, agarose or dextran

particles, sepharose, and diatomaceous earth. Alternatively, the antibodies may be

bound to any porous or liquid permeable material, such as a fibrous (paper, felt etc.)

1 5 strip or sheet, or a screen or net. A binder may be used as long as it does not

interfere with the ability ofthe antibodies to bind the ligands.

The invention also comprises reagents and kits for detecting the presence or

amount ofp95 or Mrel 1 in a sample. Preferably, the reagent or kit comprises the

purified antibodies ofthe invention in a liquid that does not adversely affect the

20 activity of the antibodies in the intended assay. Preferably, the liquid is saline

solution. Alternatively, the reagent or kit may comprise the purified antibodies

attached to a substrate as discussed above. Preferably, the substrate is an insoluble

solid support, e.g., the well ofa microtiter plate. An alternative preferred substrate

is solid particles, most preferably latex beads.

25 The diagnostic kit comprises, in a container or packaging, one or more ofthe

reagents ofthe invention and a means for detecting or measuring the formation of

complexes created by the binding ofpolypeptide and the antibodies in the reagents.

The detecting or measuring means is preferably an immunoassay, such

radioimmunoassay, enzyme-linked immunosorbent assay (ELISA), or an

30 immunofluorescence assay. Most preferably, the detecting or measuring means is a
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reagent capable ofbinding to the complexes formed by p95 or Mrel 1 and the

antibodies and containing a detectable moiety. Such reagent may be the antibody of

the invention conjugated with a detectable moiety. Alternatively, the antibody can

be a second antibody, which is an antibody which binds to the antibodies ofthe

5 invention, conjugated to a detectable moiety.

ITT. Transgenic and RecombinantMice ofthe Invention

Trangenic mice and knock-out mice can be prepared by methods known to

the art, see for example, Wagner et al. (U.S. Patent No. 4,873,191), Neve (U.S.

10 Patent No. 5,672,805), Cordell et al. (U.S. Patent No. 5,387,742), Brandon et al.

(Curr. Biol., 5, 758 (1995)), Gallatin et al. (U.S. Patent No. 5,728,533), Weintrab et

al. (U.S. Patent No. 5,695,995), Capecchi (Science, 244, 1288 (1989)), Li et al.

(Cell, 80, 401 (1995)), Brandon et al. (Curr. Biol., 5, 625 (1995)), Devries et al.

(Sem.in Cancer Biol., 2, 229 (1996)), Deng et al. (Mol. Cell. Biol., 13, 2134

1 5 (1993)), Majzoub et al. (NEJM, 134, 904 (1 996)), Allemand et al. (Biochimie, ZZ,

826 (1995)), and Rosenberg (Mol Carcinogenesis, 20, 262 (1997)), WO 98/03059,

andWO 97/46669, the disclosures ofwhich are incorporated by reference herein.

To prepare p95 knock-out mice, a targeting vector is constructed. For

example, a targeting vector was constructed that deletes the 160 bp fourth exon of

20 the murine NBS gene, which results in a frameshift mutation. This mutation is

analogous to the most common nbsl allele in NBS patients which creates a

frameshift in exon six, and results in a complete lack ofp95 protein. Homologous

integration ofthe targeting construct replaces exon 4 ofthe mouse gene with the

puromycin or neomycin phosphotransferase cassette under the control of the PGK

25 promoter. The construct contains 5 kb ofhomology on the right arm, and 3.7 kb of

homology on the left arm. In addition, a HSV thymidine kinase gene is situated at

the left end ofthe construct so the non-homologous integrants can be selected

against with gancyclovir. This construct efficiently disrupted the mouse locus, with

a targeting frequency of at least 5%. It is envisioned that other targeting vectors

30 may also be employed so as to result in disruption ofthe NBS gene. Therefore,
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murine cells and mice carrying the targeted mutation will be deficient in, and

preferably completely lacking, p95.

TV. Identification ofAgents that Alter p95 Expression or Activity

5 Agents that increase or decrease native p95 activity or expression may be

identified using in vitro assays. For example, cells with wild-type p95 activity, or

NBS cells, are stably transfected with recombinant plasmids that express p95. The

resulting cell lines are then contacted with an agent and the amount or activity of

p95 in the presence ofthe agent relative to cells not exposed to the agent is

10 determined, and/or relative to non-transfected cells, using methods described herein.

Moreover, direct interaction ofan agent with p95 may be determined by binding

assays utilizing purified, recombinant p95 polypeptide and labeled agent, or labeled

p95 and the agent.

Agents that decrease or inhibit p95 activity or function are particularly useful

15 in therapeutic methods which target tumor cells. Thus, targeting can result in an

increased concentration ofthe agent at a specific anatomic location or cell type.

Moreover, the linking of the agent to a targeting or binding moiety may increase the

stability ofthe agent in vivo. For example, an inhibitor ofp95 is linked to a moiety

that targets tumor cells, e.g., an antibody or a fragment thereof that specifically

20 binds to a cell surface antigen expressed on tumor cells, preferably an antigen that is

exclusively expressed on tumor cells. The inhibitor and the targeting moiety may be

either covalently or non-covalently linked. Ifthe inhibitor and the targeting moiety

are peptides or polypeptides, the covalent linkage may be via peptide bonds, e.g., via

expression of a fusion polypeptide. Preferably, the targeting moiety is an antibody

25 or a fragment thereof, e.g., NR-LU-10 (anti-carcinoma), NR-ML-5 (anti-melanoma)

or anti-C045 (anti-lymphoma) antibodies.

To prepare immunoconjugates useful for targeting a malignant cell, an

antibody or fragment thereofhaving a specificity for a surface antigen on a

malignant cell is attached to an agent that effects the activity ofp95. Preferably, the

30 agent is attached via peptide bonds to the carboxy termini regions, e.g., CH3, of
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antibody heavy chains. More preferably, the agent is a peptide or polypeptide.

Such immunoconjugates can be prepared by genetic engineering techniques, i.e., by

forming a nucleic acid construct encoding the chimeric immunoconjugate.

Preferably, the gene construct encoding the immunoconjugate includes, in 5' to 3'

5 orientation, a DNA segment which encodes a heavy chain variable region, a DNA

segment encoding the heavy chain constant region, and a DNA segment coding for

the agent. The fused gene is inserted into an expression vector for transfection of

the appropriate recipient cells where it is expressed. The hybrid chain can be

combined with a light (or heavy) chain counterpart to form monovalent and divalent

10 immunoconjugates.

The heavy chain constant region for the conjugates can be selected from any

of the five isotypes: alpha, delta, epsilon, gamma or mu. Heavy chains or various

subclasses (such as the IgG subclasses 1-4) can be used. The light chains can have

either a kappa or lambda constant chain. DNA sequences for these immunoglobulin

1 5 regions are well known in the art (see, e.g., Gillies et al., J. Immunol. Meth.
3 125,

191 (1989)).

In preferred embodiments, the variable region is derived from an antibody

specific for the target antigen (an antigen associated with a diseased cell such as a

cancer cell), and the constant region includes the CHI, CH2 and CH3 domains. The

20 gene encoding the agent is joined, e.g., by appropriate linkers, e.g., by DNA

encoding (Gly4-Ser)3 in frame to the 3' end ofthe gene encoding the constant region

(e.g., CH3 exon), either directly or through an intergenic region. In certain

embodiments, the intergenic region can comprise a nucleotide sequence coding for a

proteolytic cleavage site. This site, interposed between the immunoglobulin and the

25 agent, can be designed to provide for proteolytic release of the agent at the target

site. For example, it is well known that plasmin and trypsin cleave after lysine and

arginine residues at sites that are accessible to the proteases. Many other site-

specific endoproteases and the amino acid sequences they attack are well known.

The nucleic acid construct can include the endogenous promoter and

30 enhancer for the variable region-encoding gene to regulate expression ofthe

35



chimeric immunoglobulin chain. For example, the variable region encoding genes

can be obtained as DNA fragments comprising the leader peptide, the VJ gene

(functionally rearranged variable (V) regions with joining (J) segment) for the light

chain or VDJ gene for heavy chain, and the endogenous promoter and enhancer for

5 these genes. Alternatively, the gene coding for the variable region can be obtained

apart from endogenous regulatory elements and used in an expression vector which

provides these elements.

Variable region genes can be obtained by standard DNA cloning procedures

from cells that produce the desired antibody. Screening ofthe genomic library for a

1 0 specific functionally rearranged variable region can be accomplished with the use of

appropriate DNA probes such as DNA segments containing the J region DNA

sequence and sequences downstream. Identification and confirmation of correct

clones are then achieved by DNA sequencing ofthe cloned genes and comparison of

the sequence to the corresponding sequence of the full length, properly spliced

15 mRNA.

Genes encoding appropriate variable regions can be obtained generally from

Ig-producing lymphoid cells. For example, hybridoma cell lines producing Ig

specific for tumor associated antigens can be produced by standard somatic cell

hybridization techniques. These Ig-producing cell lines provide the source of

20 variable region genes in functionally rearranged form. The variable region genes are

typically ofmurine origin because the murine system lends itselfto the production

ofa wide variety ofIgs of desired specificity.

The DNA fragment containing the functionally rearranged variable region

gene is linked to a DNA fragment containing the gene encoding the desired constant

25 region (or a portion thereof). Ig constant regions (heavy and light chain) can be

obtained from antibody-producing cells by standard gene cloning techniques. Genes

for the two classes ofhuman light chains and the five classes ofhuman heavy chains

have been cloned, and thus, constant regions ofhuman origin are readily available

from these clones.
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The fused gene encoding the hybrid IgH chain is assembled or inserted into

expression vectors for incorporation into a recipient cell. The introduction ofgene

construct into plasmid vectors can be accomplished by standard gene splicing

procedures.

5 The chimeric IgH chain can be co-expressed in the same cell with a

corresponding L chain so that a complete immunoglobulin can be expressed and

assembled simultaneously. For this purpose, the heavy and light chain constructs

can be placed in the same or separate vectors.

Recipient cell lines are generally lymphoid cells. The preferred recipient cell

10 is a myeloma (or hybridoma). Myelomas can synthesize, assemble, and secrete

immunoglobulins encoded by transfected genes and they can glycosylate

polypeptide. A particularly preferred recipient cell is the Sp2/0 myeloma which

normally does not produce endogenous immunoglobulin. When transfected, the cell

will produce only Ig encoded by the transfected gene constructs. Transfected

15 myelomas can be grown in culture or in the peritoneum ofmice where secreted

immunoconjugate can be recovered from ascites fluid. Other lymphoid cells such as

B lymphocytes can be used as recipient cells.

There are several methods for transfecting lymphoid cells with vectors

containing the nucleic acid constructs encoding the chimeric Ig chain. A preferred

20 way ofintroducing a vector into lymphoid cells is by spheroblast fusion (see Gillies

et al, BiotechnoL, 2, 798-804 (1989)). Alternative methods include electroporation

or calcium phosphate precipitation.

Other useful methods ofproducing the immunoconjugates include the

preparation of an RNA sequence encoding the construct and its translation in an

25 appropriate in vivo or in vitro system.

Methods for purifying recombinant immunoglobulins are well known. For

example, a well known method ofpurifying antibodies involves protein A

purification because ofthe propensity ofprotein A to bind the Fc region of

antibodies. The antigen binding activity of the purified immunoconjugates can then

30 be measured by methods well known to the art, such as described in Gillies et al. (L
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Immunol. Methol., 125, 191 (1989)). For example, immunoconjugate activity can

be determined using antigen-coated plates in either a direct binding or competition

assay format.

In particular, it is preferred that humanized antibodies are prepared and then

5 assayed for their ability to bind antigen. Methods to determine the ability of the

humanized antibodies to bind antigen may be accomplished by any ofnumerous

known methods for assaying antigen-antibody affinity. For example, the murine

antibody NR-LU-13 binds an approximately 40 kilodalton glycoprotein expressed

on numerous carcinomas. This antigen has been characterized in Varki et al.,

10 Cancer Res., 44, 681 (1984); Okabe et al., Cancer Res., 44, 5273 (1989). Thus, it is

routine to test the ability ofhumanized antibodies to bind the NR-LU-13 antigen.

Moreover, methods for evaluating the ability of antibodies to bind to epitopes of this

antigen are known.

Humanized antibodies (or fragments thereof) are useful tools in methods for

1 5 therapeutic purposes. When determining the criteria for employing humanized

antibodies or antibody conjugates for in vivo administration for therapeutic

purposes, it is desirable that the general attainable targeting ratio is high and that the

absolute dose of therapeutic agent delivered to the tumor is sufficient to elicit a

significant tumor response. Methods for utilizing the humanized antibodies can be

20 found, for example, in U.S. Patent Nos. 4,877,868, 5,175,343, 5,213,787, 5,120,526,

and 5,202,169.

It will be recognized that the inventors also contemplate the utility ofhuman

monoclonal antibodies or "humanized" murine antibodies in therapeutic conjugates.

For example, murine monoclonal antibody may be "chimerized" by genetically

25 recombining the nucleotide sequence encoding the murine Fv region (i.e.,

containing the antigen binding sites) with the nucleotide sequence encoding a

human constant domain region and an Fc region, e.g., in a manner similar to that

disclosed in European Patent Application No. 0,41 1,893 A2. Humanized binding

partners will be recognized to have the advantage of decreasing the

30 immunoreactivity of the antibody or polypeptide in the host recipient, which may
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thereby be useful for increasing the in vivo half-life and reducing the possibility of

adverse immune reactions. See also, N. Lonberg et al. (U.S. Patent Nos. 5,625,126;

5,545,806; and 5,569,825); and Surani et al (U.S. Patent No. 5,545,807).

Useful binding peptides for cancer treatment embodiments of the present

5 invention include those associated with cell membrane and cytoplasmic epitopes of

cancer cells mid the like. These binding peptides localize to the surface membrane

of intact cells and internal epitopes ofdisrupted cells, respectively, and deliver the

therapeutic agent for assimilation into the target cells. Minimal peptides, mimetic

organic compounds and human or humanized antibodies that localize to the requisite

10 tumor cell types are also useful as binding peptides ofthe present invention. Such

binding peptides may be identified and constructed or isolated in accordance with

known techniques.

Other methods useful to prepare conjugates are well known to the art. See,

for example U.S. Patent No. 5,650,150, the disclosure ofwhich is incorporated by

1 5 reference herein. Representative "coupling" methods for Unking the agent through

covalent or non-covalent bonds to the targeting moiety include chemical

cross-linkers and heterobifunctional cross-linking compounds (i.e., "linkers") that

react to form a bond between reactive groups (such as hydroxyl, amino, amido, or

sulfhydryl groups) in an agent and other reactive groups (ofa similar nature) in the

20 targeting moiety. This bond may be, for example, a peptide bond, disulfide bond,

thioester bond, amide bond, thioether bond, and the like. In one illustrative

example, conjugates ofmonoclonal antibodies with drugs have been summarized by

Morgan and Foon (Monoclonal Antibody Therapy to Cancer: Preclinical Models

and Investigations, Basic and Clinical Tumor Immunology Vol 2, Kluwer

25 Academic Publishers, Hingham, MA) and by Uhr, J. of Immunol. 133:i-vii, 1984).

In another illustrative example where the conjugate contains a radionuclide

cytostatic agent, U.S. Patent No. 4,897,255, Fritzberg et al., incorporated herein by

reference, is instructive ofcoupling methods that may be useful. In one

embodiment, the conjugate contains a polypeptide targeting moiety coupled

30 covalently to polypeptide inhibitor ofp95. In this case, the covalent bond of the
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linkage may be formed between one or more amino, sulfhydryl, or carboxyl groups

ofthe binding protein and the agent.

V. Dosages. Formulations and Routes of Administration ofthe Agents of the

5 Invention

The polypeptides ofthe invention may be administered at dosages of at least

about 0.001 to about 100 mg/kg, more preferably about 0.01 to about 10 mg/kg, and

even more preferably about 0.1 to about 10 mg/kg, ofbody weight, although other

dosages may provide beneficial results. The amount administered will vary

10 depending on various factors including, but not limited to, the agent chosen, the

disease or condition, whether prevention or treatment is to be achieved, and ifthe

agent is modified for bioavailability and in vivo stability.

Administration ofsense or antisense nucleic acid molecule may be

accomplished through the introduction of cells transformed with an expression

15 cassette comprising the nucleic acid molecule (see, for example, WO 93/02556), or

the administration ofthe nucleic acid molecule itself (see, for example, Feigner et

al., U.S. Patent No. 5,580,859, Pardoll et al., Immunity, 1, 165 (1995); Stevenson et

al., Immunol. Rev., 145, 21 1 (1995); Moiling, J. Mol. Med.
3 25, 242 (1997);

Donnelly et al, Ann, N.Y. Acad. Sci„ 172, 40 (1995); Yang et al., Mol. Med,

20 Today, 2, 476 (1996); Abdallah et al, Biol. Cell, 85, 1 (1995)), or the nucleic acid

molecule introduced into a viral vector or liposomes. Pharmaceutical formulations,

dosages and routes ofadministration for nucleic acids are generally disclosed, for

example, in Feigner et al., supra.

Administration ofthe therapeutic agents in accordance with the present

25 invention may be continuous or intermittent, depending, for example, upon the

recipient's physiological condition, whether the purpose ofthe administration is

therapeutic or prophylactic, and other factors known to skilled practitioners. The

administration ofthe agents of the invention may be essentially continuous over a

preselected period oftime or may be in a series ofspaced doses. Both local and

30 systemic administration is contemplated. When the agents of the invention are
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employed for prophylactic purposes, agents of the invention are amenable to chronic

use, preferably by systemic administration.

One or more suitable unit dosage forms comprising the therapeutic agents of

the invention, which, as discussed below, may optionally be formulated for

5 sustained release, can be administered by a variety ofroutes including oral, or

parenteral, including by rectal, transdermal, subcutaneous, intravenous,

intramuscular, intraperitoneal, intrathoracic, intrapulmonary and intranasal routes.

The formulations may, where appropriate, be conveniently presented in discrete unit

dosage forms and may be prepared by any ofthe methods well known to pharmacy.

1 0 Such methods may include the step ofbringing into association the therapeutic

agent with liquid carriers, solid matrices, semi-solid carriers, finely divided solid

carriers or combinations thereof, and then, ifnecessary, introducing or shaping the

product into the desired delivery system.

When the therapeutic agents ofthe invention are prepared for oral

1 5 administration, they are preferably combined with a pharmaceutically acceptable

carrier, diluent or excipient to form a pharmaceutical formulation, or unit dosage

form. The total active ingredients in such formulations comprise from 0. 1 to 99.9%

by weight ofthe formulation. By "pharmaceutically acceptable" it is meant the

carrier, diluent, excipient, and/or salt must be compatible with the other ingredients

20 ofthe formulation, and not deleterious to the recipient thereof. The active

ingredient for oral administration may be present as a powder or as granules; as a

solution, a suspension or an emulsion; or in achievable base such as a synthetic resin

for ingestion ofthe active ingredients from a chewing gum. The active ingredient

may also be presented as a bolus, electuary or paste.

25 Pharmaceutical formulations containing the therapeutic agents of the

invention can be prepared by procedures known in the art using well known and

readily available ingredients. For example, the agent can be formulated with

common excipients, diluents, or carriers, and formed into tablets, capsules,

suspensions, powders, and the like. Examples of excipients, diluents, and carriers

30 that are suitable for such formulations include the following fillers and extenders

41



such as starch, sugars, mannitol, and silicic derivatives; binding agents such as

carboxymethyl cellulose, HPMC and other cellulose derivatives, alginates, gelatin,

and polyvinylpyrrolidone; moisturizing agents such as glycerol; disintegrating

agents such as calcium carbonate and sodium bicarbonate; agents for retarding

5 dissolution such as paraffin; resorption accelerators such as quaternary ammonium

compounds; surface active agents such as cetyl alcohol, glycerol monostearate;

adsorptive carriers such as kaolin and bentonite; and lubricants such as talc, calcium

and magnesium stearate, and solid polyethyl glycols.

For example, tablets or caplets containing the agents ofthe invention can

10 include buffering agents such as calcium carbonate, magnesium oxide and

magnesium carbonate. Caplets and tablets can also include inactive ingredients such

as cellulose, pregelatinized starch, silicon dioxide, hydroxy propyl methyl cellulose,

magnesium stearate, microcrystalline cellulose, starch, talc, titanium dioxide,

benzoic acid, citric acid, corn starch, mineral oil, polypropylene glycol, sodium

15 phosphate, and zinc stearate, and the like. Hard or soft gelatin capsules containing

an agent of the invention can contain inactive ingredients such as gelatin,

microcrystalline cellulose, sodium lauryl sulfate, starch, talc, and titanium dioxide,

and the like, as well as liquid vehicles such as polyethylene glycols (PEGs) and

vegetable oil. Moreover, enteric coated caplets or tablets ofan agent of the invention

20 are designed to resist disintegration in the stomach and dissolve in the more neutral

to alkaline environment ofthe duodenum.

The therapeutic agents ofthe invention can also be formulated as elixirs or

solutions for convenient oral administration or as solutions appropriate for

parenteral administration, for instance by intramuscular, subcutaneous or

25 intravenous routes.

The pharmaceutical formulations ofthe therapeutic agents of the invention

can also take the form ofan aqueous or anhydrous solution or dispersion, or

alternatively the form ofan emulsion or suspension.

Thus, the therapeutic agent may be formulated for parenteral administration

30 (e.g., by injection, for example, bolus injection or continuous infusion) and may be
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presented in unit dose form in ampules, pre-filled syringes, small volume infusion

containers or in multi-dose containers with an added preservative. The active

ingredients may take such forms as suspensions, solutions, or emulsions in oily or

aqueous vehicles, and may contain formulatory agents such as suspending,

5 stabilizing and/or dispersing agents. Alternatively, the active ingredients may be in

powder form, obtained by aseptic isolation of sterile solid or by lyophilization from

solution, for constitution with a suitable vehicle, e.g., sterile, pyrogen-free water,

before use.

These formulations can contain pharmaceutical^ acceptable vehicles and

10 adjuvants which are well known in the prior art. It is possible, for example, to

prepare solutions using one or more organic solvent(s) that is/are acceptable from

the physiological standpoint, chosen, in addition to water, from solvents such as

acetone, ethanol, isopropyl alcohol, glycol ethers such as the products sold under the

name "Dowanol", polyglycols and polyethylene glycols, CrC4 alkyl esters of short-

15 chain acids, preferably ethyl or isopropyl lactate, fatty acid triglycerides such as the

products marketed under the name "Miglyol" isopropyl myristate, animal, mineral

and vegetable oils and polysiloxanes.

The compositions according to the invention can also contain thickening

agents such as cellulose and/or cellulose derivatives. They can also contain gums

20 such as xanthan, guar or carbo gum or gum arabic, or alternatively polyethylene

glycols, bentones and montmorillonites, and the like.

It is possible to add, ifnecessary, an adjuvant chosen from antioxidants,

surfactants, other preservatives, film-forming, keratolytic or comedolytic agents,

perfumes and colorings. Also, other active ingredients may be added, whether for

25 the conditions described or some other condition.

For example, among antioxidants, t-butylhydroquinone~ butylated

hydroxyanisole, butylated hydroxytoluene and ce-tocopherol and its derivatives may

be mentioned. The galenical forms chiefly conditioned for topical application take

the form of creams, milks, gels, dispersion or microemulsions, lotions thickened to a

30 greater or lesser extent, impregnated pads, ointments or sticks, or alternatively the
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form of aerosol formulations in spray or foam form or alternatively in the form of a

cake of soap.

Additionally, the agents are well suited to formulation as sustained release

dosage forms and the like. The formulations can be so constituted that they release

5 the active ingredient only or preferably in a particular part of the intestinal or

respiratory tract, possibly over a period of time. The coatings, envelopes, and

protective matrices may be made, for example, from polymeric substances, such as

polylactide-glycolates, liposomes, microemulsions, microparticles, nanoparticles, or

waxes. These coatings, envelopes, and protective matrices are useful to coat

10 indwelling devices, e.g., stents, catheters, peritoneal dialysis tubing, and the like.

The therapeutic agents ofthe invention can be delivered via patches for

transdermal administration. See U.S. Patent No. 5,560,922 for examples ofpatches

suitable for transdermal delivery ofa therapeutic agent. Patches for transdermal

delivery can comprise a backing layer and a polymer matrix which has dispersed or

15 dissolved therein a therapeutic agent, along with one or more skin permeation

enhancers. The backing layer can be made ofany suitable material which is

impermeable to the therapeutic agent. The backing layer serves as a protective

cover for the matrix layer and provides also a support function. The backing can be

formed so that it is essentially the same size layer as the polymer matrix or it can be

20 of larger dimension so that it can extend beyond the side ofthe polymer matrix or

overlay the side or sides of the polymer matrix and then can extend outwardly in a

manner that the surface ofthe extension ofthe backing layer can be the base for an

adhesive means. Alternatively, the polymer matrix can contain, or be formulated of,

an adhesive polymer, such as polyacrylate or acrylate/vinyl acetate copolymer. For

25 long-term applications it might be desirable to use microporous and/or breathable

backing laminates, so hydration or maceration ofthe skin can be minimized.

Examples ofmaterials suitable for making the backing layer are films of

high and low density polyethylene, polypropylene, polyurethane, polyvinylchloride,

polyesters such as polyethylene phthalate), metal foils, metal foil laminates of such

30 suitable polymer films, and the like. Preferably, the materials used for the backing
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layer are laminates of such polymer films with a metal foil such as aluminum foil.

In such laminates, a polymer film ofthe laminate will usually be in contact with the

adhesive polymer matrix.

The backing layer can be any appropriate thickness which will provide the

desired protective and support functions. A suitable thickness will be from about 10

to about 200 microns.

Generally, those polymers used to form the biologically acceptable adhesive

polymer layer are those capable of forming shaped bodies, thin walls or coatings

through which therapeutic agents can pass at a controlled rate. Suitable polymers

are biologically and pharmaceutically compatible, nonallergenic and insoluble in

and compatible with body fluids or tissues with which the device is contacted. The

use of soluble polymers is to be avoided since dissolution or erosion ofthe matrix

by skin moisture would affect the release rate ofthe therapeutic agents as well as the

capability ofthe dosage unit to remain in place for convenience ofremoval.

Exemplary materials for fabricating the adhesive polymer layer include

polyethylene, polypropylene, polyurethane, ethylene/propylene copolymers,

ethylene/ethylacrylate copolymers, ethylene/vinyl acetate copolymers, silicone

elastomers, especially the medical-grade polydimethylsiloxanes, neoprene rubber,

polyisobutylene, polyacrylates, chlorinated polyethylene, polyvinyl chloride, vinyl

chloride-vinyl acetate copolymer, crosslinked polymethacrylate polymers (hydro-

gel), polyvinylidene chloride, polyethylene terephthalate), butyl rubber,

epichlorohydrin rubbers, ethylenvinyl alcohol copolymers, ethylene-

vinyloxyethanol copolymers; silicone copolymers, for example, polysiloxane-

polycarbonate copolymers, polysiloxanepolyethylene oxide copolymers,

polysiloxane-polymethacrylate copolymers, polysiloxane-alkylene copolymers (e.g.,

polysiloxane-ethylene copolymers), polysiloxane-alkylenesilane copolymers (e.g.,

polysiloxane-ethylenesilane copolymers), and the like; cellulose polymers, for

example methyl or ethyl cellulose, hydroxy propyl methyl cellulose, and cellulose

esters; polycarbonates; polytetrafluoroethylene; and the like.
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Preferably, a biologically acceptable adhesive polymer matrix should be

selected from polymers with glass transition temperatures below room temperature.

The polymer may, but need not necessarily, have a degree of crystallinity at room

temperature. Cross-linking monomelic units or sites can be incorporated into such

5 polymers. For example, cross-linking monomers can be incorporated into

polyacrylate polymers, which provide sites for cross-linking the matrix after

dispersing the therapeutic agent into the polymer. Known cross-linking monomers

for polyacrylate polymers include polymethacrylic esters ofpolyols such as butylene

diacrylate and dimethacrylate, trimethylol propane trimethacrylate and the like.

10 Other monomers which provide such sites include allyl acrylate, allyl methacrylate,

diallyl maleate and the like.

Preferably, aplasticizer and/or humectant is dispersed within the adhesive

polymer matrix. Water-soluble polyols are generally suitable for this purpose.

Incorporation ofa humectant in the formulation allows the dosage unit to absorb

1 5 moisture on the surface of skin which in turn helps to reduce skin irritation and to

prevent the adhesive polymer layer ofthe delivery system from failing.

Therapeutic agents released from a transdermal delivery system must be

capable ofpenetrating each layer of skin. In order to increase the rate ofpermeation

of a therapeutic agent, a transdermal drug delivery system must be able in particular

20 to increase the permeability ofthe outermost layer of skin, the stratum corneum

which provides the most resistance to the penetration ofmolecules. The fabrication

ofpatches for transdermal delivery of therapeutic agents is well known to the art.

For administration to the upper (nasal) or lower respiratory tract by

inhalation, the therapeutic agents of the invention are conveniently delivered from

25 an insufflator, nebulizer or a pressurized pack or other convenient means of

delivering an aerosol spray. Pressurized packs may comprise a suitable propellant

such as dichlorodifluoromethane, trichlorofluoromethane, dichlorotetrafluoroethane,

carbon dioxide or other suitable gas. In the case ofa pressurized aerosol, the dosage

unit may be determined by providing a valve to deliver a metered amount.

46



Alternatively, for administration by inhalation or insufflation, the

composition may take the form of a dry powder, for example, a powder mix of the

therapeutic agent and a suitable powder base such as lactose or starch. The powder

composition may be presented in unit dosage form in, for example, capsules or

5 cartridges, or, e.g., gelatine or blister packs from which the powder may be

administered with the aid of an inhalator, insufflator or a metered-dose inhaler.

For intra-nasal administration, the therapeutic agent may be administered via

nose drops, a liquid spray, such as via a plastic bottle atomizer or metered-dose

inhaler. Typical ofatomizers are the Mistometer (Wintrop) and the Medihaler

10 (Riker).

The local delivery ofthe therapeutic agents of the invention can also be by a

variety oftechniques which administer the agent at or near the site of disease.

Examples of site-specific or targeted local delivery techniques are not intended to be

limiting but to be illustrative ofthe techniques available. Examples include local

15 delivery catheters, such as an infusion or indwelling catheter, e.g., a needle infusion

catheter, shunts and stents or other implantable devices, site specific carriers, direct

injection, or direct applications.

For topical administration, the therapeutic agents may be formulated as is

known in the art for direct application to a target area. Conventional forms for this

20 purpose include wound dressings, coated bandages or other polymer coverings,

ointments, creams, lotions, pastes, jellies, sprays, and aerosols. Ointments and

creams may, for example, be formulated with an aqueous or oily base with the

addition of suitable thickening and/or gelling agents. Lotions may be formulated

with an aqueous or oily base and will in general also contain one or more

25 emulsifying agents, stabilizing agents, dispersing agents, suspending agents,

thickening agents, or coloring agents. The active ingredients can also be delivered

via iontophoresis, e.g., as disclosed in U.S. Patent Nos. 4,140,122; 4,383,529; or

4,051,842. The percent by weight ofa therapeutic agent ofthe invention present in

a topical formulation will depend on various factors, but generally will be from
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0.01% to 95% of the total weight ofthe formulation, and typically 0.1-25% by

weight.

Drops, such as eye drops or nose drops, may be formulated with an aqueous

or non-aqueous base also comprising one or more dispersing agents, solubilizing

agents or suspending agents. Liquid sprays are conveniently delivered from

pressurized packs. Drops can be delivered via a simple eye dropper-capped bottle,

or via a plastic bottle adapted to deliver liquid contents dropwise, via a specially

shaped closure.

The therapeutic agent may further be formulated for topical administration in

the mouth or throat. For example, the active ingredients may be formulated as a

lozenge further comprising a flavored base, usually sucrose and acacia or tragacanth;

pastilles comprising the composition in an inert base such as gelatin and glycerin or

sucrose and acacia; and mouthwashes comprising the composition ofthe present

invention in a suitable liquid carrier.

The formulations and compositions described herein may also contain other

ingredients such as antimicrobial agents, or preservatives. Furthermore, the active

ingredients may also be used in combination with other therapeutic agents, for

example, bronchodilators.

The invention will be further described by, but is not limited to, the

following examples.

Example 1

hMrel 1 and hRad50 Nuclear Foci Are Induced During the Response to DNA

Double Strand Breaks

Materials and Methods

Cell lines, IMR90 primary diploid fibroblasts were obtained from the

American Type Culture Collection and were used at passages 10 to 15, with

equivalent results. 37Lu primary fibroblasts were also obtained from the American

Type Culture collection and used at passages 3 to 7. 180BR primary fibroblasts

were obtained from C Arlett and were used at passages 8 to 13. GM00637G
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normal simian virus 40 (SV40)-transformed fibroblasts and the SV40-transformed

ataxia-telangiectasia (AT) cell lines GM09607A and GM05849B were obtained

from the Cornell Institute for Medical Research. M059J and M059K cells were

obtained from M. J. Allalunis-Turner. Primary fibroblasts were grown in Dulbecco

5 modified Eagle medium with 10% fetal calf serum (FCS), and SV40-transformed

fibroblasts were grown in Dulbecco modified Eagle medium with 5% FCS and 5%

Cosmic Calf serum (Hyclone, Logan, Utah). K562 CML cells (provided by Peggy

Farnham) were grown in RPMI 1640 having 10% Cosmic Calf serum, 1% Pen-Strep

and 2mM L-glutamine. All cells were maintained at 37°C in a 5% C0
2 , 95% air

1 0 humidified environment. All cells routinely tested negative for mycoplasmas with

the MycoTect kit (Gibco, Grand Island, N.Y.).

Irradiation and drug treatment. Cells were irradiated in a Mark I
137

Cs source

at a dose rate of approximately 2.5 Gy/minute. UV irradiation was done in aUV
cross-linking instrument (Stratagene, La Jolla, Calif). For drug treatment, cells

15 were exposed to etoposide dissolved as a 50% solution in dimethyl sulfoxide

(DMSO) or an equivalent amount ofDMSO alone (both from Sigma, St. Louis,

Mo.) in growth medium for 1 hour and then washed twice with phosphate-buffered

saline (PBS) before replacement with drug-free medium.

Cell cycle analysis. Cell cycle analysis was performed with slight

20 modifications to retain apoptotic cells. Log-phase cells grown on 60 mm diameter

dishes were either untreated (t = 0 hour) or irradiated and fixed at various time

points after irradiation. Cells were trypsinized, collected along with the used

medium, and washed once in PBS. The resulting cell pellet was suspended in

100 ^il of 150mM NaCl-10 mM Tris-HCl (pH 7.0) to which 900 of ice-cold 95%

25 ethanol was added dropwise. Fixed cells were stored at 4°C at least overnight,

pelleted, and washed in phosphate-citrate buffer (192 mM ^HPO^ 4mM
Na3C6H5

07)- The final washed pellet was stained in a solution containing 33 \ig of

propidium iodide per ml, 0.3 mg ofRNase A per ml, and 0.2% Nonidet P-40 in

PBS. Cell cycle analysis was performed on an EPICS Profile II flow cytometer

30 (Coulter, Miami, Fla.).
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Antibodies. Affinity purification ofhMrel 1 and hRadSO rabbit antisera has

been described previously (Dolganov et aL, 1996). The fluorescent dye Texas Red

was directly conjugated to affinity-purified anti-hMrel 1 by using a Fluoreporter kit

(Molecular Probes, Eugene, Ore.). Rabbit antiserum directed against hRad51

5 wasprovided by Charles Radding (Yale University).

Immunofluorescence. Fibroblasts were seeded on Teflon-coated six-well

slides (Cel-Line Associates, Newfield, NJ.) and allowed to adhere for at least 2 days

prior to each experiment. Cells were irradiated or drug treated on slides, fixed at

various time points in ice-cold methanol for 20 minutes at -20°C, and then

10 permeabilized in ice-cold acetone for 10 seconds. Following fixation, slides were

washed three times for 5 minutes each in PBS and blocked in 10% FCS-PBS for

1 hour at room temperature. Slides were incubated for 1 hour at 37°C with hMrel 1

(1:150 dilution), hRadSO (1:150 dilution), or hRad51 (1:400 dilution) primary rabbit

antiserum, followed by fluorescein isothiocyanate (FITC)-conjugated goat anti-

1 5 rabbit secondary antiserum (1 :200 dilution) (Pierce, Rockford, IL) for 1 hour at

37°C. All antisera were diluted in 1% bovine serum albumin in PBS. Slides were

counterstained with 0.1 ^ig ofDAPI (4', 6-diamidino-2-phenylindole) per ml for

1 minute, mounted in antifade solution (2.3% DABCO (1,4-

diazabicyclo[2.2.2]octane), 0.1 M Tris-HCl (pH 8.0), 90% glycerol), and viewed via

20 epifluorescence microscopy. After each blocking or antibody incubation step

described above, slides were washed in PBS three times for 5 minutes.

For studies involving Texas Red-conjugated anti-hMrel 1, detection was

performed as described above, followed by a 1 hour blocking step as described

above with the addition of a 1 :100 dilution ofrabbit serum. The slides were washed

25 with PBS and incubated with Texas Red-conjugated anti-hMrel 1 (diluted 1 :200)

prior to counterstaining and mounting as described above. Differential staining

observed with hRad50 and hRadSl antisera in combination with the Texas Red-

conjugated hMrel 1 antiserum (see below) demonstrates the specificity ofthis

staining method.
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IRIF quantification and image capture. Foci were scored by eye at a

magnification of x600. At least 200 nuclei per time point were examined for each

antiserum. A nucleus was considered positive for hMrel 1 or hRadSO IRIF if it

contained at least five discernible foci. Nuclei containing fewer than five foci were

5 scored as negative; positive nuclei were further categorized as those with 5 to

20 foci or >20 foci. Positive nuclei were categorized as having 5 to 30 foci or

>30 foci. For hRad5 1, a nucleus was considered positive if it contained at least

10 foci. Nuclear antibody staining was confirmed in each case with DAPI. Images

were captured by using a cooled charge-coupled device (CCD) camera (Princeton

1 0 Instruments, Trenton, N. J.) and grayscale images were processed by using

Photoshop 4.0 (Adobe, San Jose, Calif.). Although images were captured with a

CCD camera, all foci were readily observable by eye.

Comet assays. Cells were treated with etoposide orDMSO or were

irradiated with 12 Gy or mock irradiated, trypsinized, and embedded in 1.5 ml of

15 1% agarose to yield a final density ofapproximately 10
4
cells/slide. Neutral comet

assays were then performed (Olive et aL, 1991). Comets were viewed under a final

magnification of *400, and images were captured with a CCD camera. Percent

DSBs remaining was calculated from tail moment values by using the formula (tail

moment at 8 hours - control tail moment) (initial tail moment - control tail

20 moment) x 100.

Immunoblotting. immunoprecipitation, and metabolic labeling Immunoblot

analyses with hMrel 1 and hRad50 antisera were carried out as described previously

(Dolganov et aL, 1996). For metabolic labeling, irradiated (12 Gy) and mock-

irradiated cells were labeled at 2 hours postirradiation with 80 jxCi of

25 [
35
S]methionine (EasyTag; NEN, Boston, Mass.) per ml for 6 hours longer and then

harvested for immunoprecipitation analyses as described previously (Dolganov et

ah, 1996). Immunoprecipitates were fractionated on sodium dodecyl sulfate/7%

polyacrylamide gels. Gels were then fixed for 20 minutes in 30% methanol/10%

acetic acid, incubated in 1 M Na salicylate for 20 minutes, and autoradiographed at
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-80°C. Autoradiograms were scanned and processed as described by Dolganov et

al., 1996,

Results

5 hMrel 1 and hRad50 form nuclear foci in response to ionizing radiation To

investigate whether ionizing radiation induced alterations in the subcellular

distribution ofhMrel 1 and hRadSO in the human fibroblast cell line IMR90,

immunofluorescence methodologies were employed. Both hMrel 1 and hRadSO are

abundant proteins that are uniformly distributed in the nuclei ofunirradiated cells,

10 with the exception ofnucleoli. Following gamma irradiation, both hMrel 1 and

hRad50 formed discrete nuclear foci, which are referred to as IRIR Nuclear

fluorescence was not observed in cells stained either with preimmune serum or with

hMrel 1 antiserum that had been previously incubated with bacterially produced

hMrel 1 protein. DAPI counterstaining ofirradiated cells indicated that IRDF-

1 5 containing nuclei were not grossly aberrant and did not show signs of apoptosis.

Flow cytometric analyses ofIMR90 cultures irradiated in parallel did not detect a

significant population of apoptotic cells.

hMrel 1 and hRadSO IRIF formation was also observed in the primary

fibroblast cell line 37Lu, the glioblastoma cell lines M059J and M059K, HeLa cells,

20 and the SV40-transformed fibroblast cell line GM637.

hMrel 1 and hRadSO IRIF colocalize. Immunofluorescence was employed to

determine whether hMrel 1 and hRadSO IRIF colocalize. Immunofluorescence

analysis of irradiated 180BR fibroblasts was performed with anti-hRadSO antiserum

followed by FITC-conjugated goat anti-rabbit anti-serum to detect bound antibody.

25 Slides were washed, treated with blocking solution, and stained with Texas Red-

conjugated anti-hMrel 1 antiserum. Images of nuclei were first captured with FITC

filters (hRadSO), and then images ofthe same nuclei were captured with the Texas

Red (hMrel 1) and DAPI (chromatin) filter sets. Merging of the three images

revealed that hMrel 1 and hRadSO IRIF colocalize within the nucleus.
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Colocalization ofhMrel 1 and hRad50 IRIF has also been observed in IMR90 and

37Lu fibroblasts.

The human Rad51 homolog, hRad51, has also been shown to form nuclear

foci following DNA damage. It was determined that hMrel 1 and hRad5 1 IRIF do

5 not colocalize. Irradiated IMR90 fibroblasts were stained with anti-hRad5

1

antiserum and Texas Red-conjugated anti-hMrel 1 antiserum, as described above.

Contrary to the results obtained with anti-hRad50 and Texas Red-conjugated anti-

hMrel 1 antisera, distinct localization patterns for hRad51 and hMrel 1 nuclear foci

were observed. Nuclei that contain hRad5 1 foci did not contain hMrel 1 IRIF.

1 0 Conversely, nuclei positive for hMre 1 1 IRIF did not contain hRadS 1 foci. In two

independent experiments (792 nuclei examined), 123 nuclei were hRadSl IRIF

positive, 236 nuclei were hMrel 1 IRIF positive, and none were positive for both

types ofIRIF. Therefore, irradiated fibroblasts that contained nuclear foci were

positive for either hMrel 1 foci or hRad51 foci, but not both.

15 hMrel 1 and hRad50 TRTF are specific to DNA nSBs and form in a dose-

dependent manner. Based on the involvement ofyeast Mrel 1 and Rad50 in DSB

repair and the lack ofhMrel l-hRad50 foci in unirradiated cells, it was postulated

that hMrel 1 and hRadSO IRIF were formed specifically in response to ionizing-

radiation-induced DNA DSBs. Ionizing radiation has been shown to induce DNA
20 DSBs in a dose-dependent, linear fashion. To examine the dose dependence of

hMrel l-hRad50 IRIF formation in IMR90 cells, cells were irradiated with 4, 8, or

12 Gy and evaluated at 8 hours postirradiation. Nuclei were then scored for the

number ofobserved hMrel 1 IRIF and placed in three categories; less than 5

(negative), 5 to 20, or >20 IRIF per nucleus. It was found that the mean number of

25 IRIF in the 5-to-20 class increased with the radiation dose, as did the number of

nuclei that fell into the >20 class. An average of6 IRIF per positive nucleus were

observed at a dose of4 Gy, and this increased to an average of over 12 IRIF per

positive nucleus after 12 Gy. The percentage of nuclei that contained hMrel 1 IRIF

also increased with the dose, from less than 10% after 4 Gy to over 50% after 12 Gy.
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The response ofhMrel 1 and hRad50 to other DNA-damaging agents to

define the types oflesions that lead to IRIF formation was analyzed. IMR90

fibroblasts were treated with the topoisomerase II inhibitor etoposide, a potent

inducer ofDNA DSBs. Etoposide treatment (100 ug/ml) induced the formation of

5 hMrel 1 foci indistinguishable from IRIF; 28% ofnuclei examined were positive for

foci at 8 hours post-treatment. Control cells treated with DMSO alone did not

exhibit foci. The neutral comet assay was used to show that this etoposide dose

induced DNA DSBs and that 69% ofthese breaks remained unrepaired at 8 hours

post-treatment. In contrast to ionizing radiation and etoposide treatment, no hMrel 1

10 or hRad50 foci were observed following UV irradiation at a dose of 16 J/m
2

. This

evidence suggests that hMrel l-hRad50 IRIF form specifically in response to DNA
DSBs.

The time course of IRIF formation following exposure to ionizing radiation

was determined. Log-phase IMR90 fibroblasts were irradiated with 12 Gy and fixed

15 at 4, 8, and 24 hours postirradiation. Independent slides were stained for hMrel 1 or

hRad50. The percentage ofnuclei with hMrel 1 and hRad50 IRIF increased to a

maximum ofgreater than 60% at 8 hours postirradiation, with a subsequent decrease

in the percentage ofIRIF-positive cells by 24 hours. Similar kinetics have been

observed in other DSB repair-proficient cells (see below). Thirty-two percent of

20 nuclei were positive for hRad5 1 foci at 4 and 8 hours. These results were similar to

those reported previously (Haaf et al., 1995) but distinct from those for hMrel 1 and

hRad50.

The hMrel 1-hRad50 TRTF response is altered m DNA DSB repair-riefieient

and cell cycle checkpoint mutant cells. The cell line 180BR is acutely sensitive to

25 the effects of ionizing radiation (Badie et al., 1995b). Due to a defect in the ability

to repairDNA DSBs, the half-life ofDSBs is extended in 180BR relative to that in

repair-proficient cells (Badie et al., 1995a). Thus, it was of interest to determine

whether hMrel 1 and hRad50 IRIF formation was altered in these cells and whether

the persistence ofDNA DSBs in this cell line would alter the hMrel l-hRad50 IRIF

30 response. The multiplicity ofIRIF in 180BR cells was increased for both hMrel 1
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and hRadSO, as measured by the number ofIRIF observed in positive nuclei.

Whereas only 12% ofIMR90 cells that were positive for IRIF at 8 hours after 12 Gy

had greater than 30 foci per positive nucleus, 77% of 1 80BR cells at the equivalent

time and dose exhibited greater than 30 foci per positive nucleus. Neutral comet

5 assays carried out on irradiated 180BR cells confirmed that the majority of initial

DSBs were unrepaired at 8 hours postirradiation. In contrast, greater than 90% of

the initial DSBs were repaired by 8 hours in IMR90 fibroblasts. Immunoblotting

and immunoprecipitation analyses revealed that hMrel 1 and hRadSO expression and

interaction appeared normal in 180BR cells and were unchanged with ionizing

1 0 radiation. Consistent with the previously observed exclusivity ofhMrel l-hRad50

and hRadSl IRIF formation, the percentage ofhRadSl IRIF-positive nuclei was

reduced in 180BR relative to that in IMR90.

Cells from AT patients have mutations in theATM gene, which encodes a

PI-3-like protein kinase. ATM mutant cells do not appear to be DSB repair deficient

1 5 per se; rather, they appear to be deficient in signaling the presence ofDNA damage.

As a result, AT cells exhibit radioresistant DNA synthesis and are sensitive to

killing by ionizing radiation. To examine the dependence ofhMrel 1 and hRad50

IRIF formation on the ATM-controlled response to DNA damage, the kinetics of

hMrel 1 and hRadSO IRIF formation in two SV40-transformed AT cell lines,

20 GM5849 and GM9607, was compared to those in the SV40-transformed normal

human cell line GM637. When stained independently for either hMrel 1 or hRadSO,

IRIF-positive nuclei were observed in 25% ofthe GM637 cells examined at

10 hours after 12 Gy, whereas the hMrel 1 and hRadSO response in both AT cell

lines was drastically reduced. No more than 4% ofnuclei were positive for hRadSO

25 IRIF at any time in either AT cell line tested. For hMrel 1, a maximum of6.8% of

nuclei that contained hMrel 1 IRIF in GM5849 was observed. In GM9607, the

percentage ofhMrel 1 IRIF-positive nuclei was similar to that in GM637, but the

GM9607 hMrel 1 foci were atypical in size and fluorescence intensity. This

difference presumably reflects the absence ofhRadSO in the hMrel 1 IRIF.

30 Importantly, hRadSO and hMrel 1 are present at normal levels in GM9607, and their
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abundance is unaffected by irradiation. In addition, irradiation does not induce

alteration ofthe apparent stoichiometry ofthe hMrel l-hRad50 complex.

Approximately 47% of the initial DSBs were unrepaired in irradiated GM9607 cells,

compared to less than 1% unrepaired DSBs in irradiated GM637 control cells.

5 Since the AT cell lines examined were deficient in the hMrel l-hRad50 IRIF

response, it was unclear whether AT cells were also deficient in the hRad51 focus-

forming response to ionizing radiation. Anti-hRad51 antiserum was used to

examine the kinetics ofhRadSl focus formation in AT cells. GM637 cells exhibited

a normal hRadSl response following gamma irradiation. At 24 hours

10 postirradiation, only 10% ofGM637 cells were positive for hRad51 foci. However,

in contrast to hMrel 1 and hRad50 IRIF formation, 45 and 75% ofthe GM5849 and

GM9607 AT cells, respectively, were positive for hRad5 1 at 24 hours. hRad5

1

protein levels are increased in SV40-transformed normal and AT cells relative to

those in 180BR and IMR90 primary fibroblasts, but the abundance ofhRad51 in

1 5 GM637 and GM9607 cells is unaffected by irradiation. Flow cytometry profiles

indicated that the majority ofAT cells had accumulated in G2/M at 24 hours

following irradiation, as observed previously (Ford et al., 1984). Thus, AT cells

failed to respond to ionizing radiation with hMrel l-hRad50 foci but maintained a

distinct and elevated hRad51 IRIF response.

20

Immunofluorescence analysis in situ offers a way to correlate various

metabolic processes with the locations of specific proteins and has provided

evidence that certain functions may be regulated by their association with particular

25 sites or structures within the nucleus. Immunofluorescence has been used to

describe compartmentalization ofnuclear proteins ofunknown function into novel

focal structures (e.g., PML; polymorphic interphase karyosomal association [PIKA])

and has provided evidence that diverse processes, including DNA replication, RNA

splicing, and DNA repair, may be compartmentalized within the nucleus. This
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experimental approach has also uncovered previously unsuspected roles for certain

proteins, such as BRCA1, ATM, and ATR, in meiosis.

In this study, immunofluorescence was used to describe the redistribution of

hMrel 1 and hRadSO to discrete foci within the nucleus following DNA damage.

5 hRadSO and hMrel 1 steady-state protein levels were not altered following ionizing

radiation or by changes in cell cycle position. Therefore, IRIF formation results

from changes in the location rather than the abundance ofhMrel 1 or hRadSO. The

hMrel l-hRad50 IRIF response is a dose-dependent, dynamic process. hMrel 1 and

hRadSO IRIF colocalize, whereas hMrel 1 and hRad51 foci do not, supporting

10 genetic evidence of their independent roles in DSB repair. The formation of

hRadSO-hMrel 1 and hRad51 foci is altered in cell lines deficient in the cellular

response to DNA damage. These studies suggest that the localization of

recombinational DNA repair proteins to discrete nuclear foci is part ofthe normal

DNA damage response.

15 TRTF formation is dependent upon DSBs. hMrel l-hRad50 foci are

specifically induced byDNA DSB-inducing agents. The induction ofDNA DSBs

by ionizing radiation is linearly dependent upon the radiation dose. The number of

IRIF per nucleus also increases with dose, indicating that the number ofDNA DSBs

initially formed determines the multiplicity ofthe hMrel l-hRad50 IRIF response.

20 Treatment with etoposide, which induces DNA DSBs by trapping topoisomerase II

complexes, also induced hMrel 1 foci. Etoposide preferentially induces damage in S

and G2, presumably due to higher expression oftopoisomerase II during the S and

G
2
phases. The number ofhMrel 1 focus-positive nuclei following etoposide

treatment corresponded approximately to the percentage of S- and G2-phase cells in

25 log-phase IMR90 fibroblasts. These observations support the interpretation that

IRIF formation is dependent upon the induction ofDSBs.

This assertion is further supported by the hMrel l-hRad50 IRIF response in

the DSB repair-deficient cell line 180BR. Ionizing radiation-induced DSBs in

180BR cells are 6- to 10-fold longer lived than those in normal cells, and these cells

30 are extremely sensitive to the induction ofchromosome aberrations by ionizing
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radiation 045% aberrant metaphases induced by 2 Gy). The molecular defect in this

cell line is unknown; however, hMrel 1 and hRadSO expression and interaction are

unaltered in 180BR cells. The persistence ofunrepaired DSBs in 180BR cells at the

time point examined (8 hours) thus results in greater numbers ofhMrel l-hRad50

5 IRIF in these cells. Together, these results are consistent with the hypothesis that

hMrel l-hRad50 foci form following the induction ofDSBs and argue that focus

formation reflects hMrel l-hRad50 function in the normal cellular response to

DSBs.

Independent formation ofhMrel 1-hRad50 and hR ad51 fRTF. Genetic

10 analyses with S. cerevisiae indicate that there is minimal functional overlap in the

proteins that mediate homologous recombination (e.g., RadSl) and nonhomologous

end joining (e.g., Mrel 1 and Rad50). Colocalization ofhMrel 1 and hRadSO IRIF is

consistent with the idea that hMrel 1 and hRad50 function together in a protein

complex during DSB repair. hMrel 1 (and therefore hRadSO) IRIF form

1 5 independently ofhRadS 1 IRIF, consistent with the finding that hRad5 1 is not

coimmunoprecipitable with the hMrel l-hRad50 complex. Further supporting the

functional distinction between hRadSl and hMrel 1-hRadSO is that hRadSl forms

nuclear foci in undamaged cells in the S phase ofthe cell cycle, whereas hMrel 1-

hRadSO foci form only in response to DNA damage. Thus, the focus-forming

20 response ofthese DSB repair proteins confirms the expectation from S. cerevisiae

that hMrel 1-hRadSO and hRadSl mediate distinct functions in DNA metabolism

and repair.

IRIF formation is not uniform in the irradiated population. hMrel 1-hRadSO

and hRadSl IRIF do not form in the same nuclei, indicating that a given cell in the

25 irradiated population is competent to form only one class of focus. This result may

suggest that a given irradiated cell is restricted to either homologous recombination

or nonhomologous end joining for the repair ofDSBs. hMrel 1-hRadSO or hRadS 1

IRIF formation may be governed by cell cycle status. Analysis ofDSB repair-

deficient rodent cells demonstrate the existence of distinct, cell cycle-specific

30 pathways ofDSB repair. Further, the requirement for a sister chromatid in
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homologous recombination suggests that this mode ofDSB repair would be

preferentially utilized in S/G2 . Asynchronous fibroblast cultures were employed.

The maximal percentage ofhMrel 1 and hRadSO IRIF-positive cells roughly

corresponds to the percentage of cells in G, at the time of irradiation. Similarly, the

5 percentage of cells in which hRad5 1 foci are observed roughly corresponds to the

initial G2 population. This correlation is supported by the observation that hRad5

1

expression is restricted to the S and G2 phases of the cell cycle. Furthermore, recent

work has demonstrated that synchronized CHO cells irradiated in G, do not form

hRad51 IRIF.

10 The formation ofhMrel l-hRad50 versus hRad51 foci also appears to be

governed by other factors. The percentage ofhMrel 14iRad50 IRIF-positive nuclei

increases as a function of dose. Dose dependence has similarly been observed for

hRadSl foci. Thus, IRIF formation depends upon the initial state ofthe cell, as well

as a state that is induced by DNA damage in a dose-dependent fashion.

15 IRIF formation is altered in AT cells. TheATM gene encodes a PI-3-like

protein kinase that mediates signal transduction functions upstream ofp53 in the

DNA damage response. Loss ofATM signaling function in AT cells impairs cell

cycle checkpoint regulation and leads to ionizing radiation sensitivity. The

radiosensitivity ofAT cells cannot be attributed solely to the lack of checkpoint

20 regulation; increased chromosomal damage is observed in cells held in GJGX , and

chemically induced cell cycle arrest fails to mitigate the ionizing radiation

sensitivity ofAT cells. These data suggest that ATM controls the processing of

chromosomal damage in parallel with its function(s) in cell cycle regulation. In this

study, it was shown that hMrel 1 and hRad59 IRIF formation is markedly reduced in

25 both AT mutant cell lines tested but that the hRad5 1 IRIF response is highly

elevated. Both homologous recombination and nonhomologous end joining are

utilized in mammalian DSB repair. Ifsignaling by ATM is important for the

function ofthe hMrel l-hRad50 protein complex in the repair ofchromosomal

damage, the dramatically increased hRad5 1 response may indicate that DSBs

30 normally repaired by the hMrel l-hRad50 protein complex must be repaired by
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homologous recombination in AT cells. Interestingly, the spontaneous rate of

homologous recombination in AT cells appears to be significantly increased. The

data presented here support the hypothesis that the increased sensitivity ofAT cells

to cell killing and induction ofchromosome aberrations following ionizing radiation

5 treatment is at least partially attributable to misregulation ofDSB repair processes.

In this regard, it is important that hMrel l-hRad50 and hRadSl IRIF are not

dependent on p53, as IRIF form in cells with virally inactivated p53. This implies a

direct link between DSB repair and the ATM signaling pathway that is upstream of

p53 cell cycle checkpoint functions. The existence of such a link is also supported

10 by the observation that chromosome aberrations are induced by ionizing radiation in

noncycling AT cells.

hMrel l-hRad50 IRIF are also independent ofDNA-PKcg, which is

implicated in nonhomologous end joining. hMrel l-hRad50 IRIF were observed in

DNA-PKcs-null cells (M059J) and DNA-PKcs-positive cells (M059K). Further,

15 DNA-PK^s and Ku proteins do not coimmunoprecipitate with the hMrel l-hRad50

protein complex.

The kinetics ofIRIF formation resemble those ofmisrepair and chromosome

rearrangement. Previous studies utilizing IMR90 fibroblasts and other repair-

proficient cells demonstrate two kinetically distinct modes ofDSB repair: a fast

20 component in which >75% of initial DSBs are repaired and a slow component.

Utilizing a hybridization-based assay, Lobrich et al. (1995) determined that the

slower-rejoining component consisted ofprimarily incorrect rejoining events and

proceeded over a period of2 to 48 hours postirradiation. Premature chromosome

condensation assays, in conjunction with fluorescent in situ hybridization, have been

25 used to examine the kinetics ofchromosome exchanges and DSB rejoining in

irradiated normal fibroblasts. The data suggest that the number of cells with

multiple chromosomal exchange events reaches a maximum between 6 to 12 hours

after irradiation with 10 Gy. hMrel l-hRad50 IRIF formation follows similar

kinetics, with maximal induction at 8 hours postirradiation. In this study, neutral

30 comet analyses were used to confirm that maximal IRIF formation occurs after the
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majority ofDSBs are repaired. Thus, whereas the induction ofIRIF is dependent

upon DSBs, hMrel l-hRad50 IRIF may not show a strict relationship with DSBs per

se. Given the proposed function ofhMrel l-hRad50 in recombinational DNA repair

and the dependence of IRIF on the prior induction ofDNA DSBs, hMrel l-hRad50

5 IRIF may correspond to these exchange or misrepair events.

Conclusion. These studies support the inferred role of the hMrel l-hRad50

protein complex in DSB repair. As shown above, hMrel l-hRad50 IRIF form as

part ofthe normal cellular response to DNA damage. Within an asynchronous

culture, cells appear to be committed to the formation of either hMrel l-hRad50 or

10 hRad5 1 IRIF, suggesting a commitment to either nonhomologous end joining or

homologous recombination for the repair ofDSBs. The hMrel l-hRad50 IRIF

response is abrogated in AT cells but is unaffected by loss ofp53. This may suggest

a p53-independent function forATM that is directly linked to the regulation of

recombinational DNA repair. Further assessment ofthe function ofhMrel 1-

15 hRad50 IRIF awaits the ability to identify DNA DSBs in situ and thereby localize

hMrel l-hRad50 IRIF to sites ofdamage. Elucidation of the biochemical activities

and composition ofthe hMrel l-hRad50 protein complex will also provide

important insight.

20 Example!

In Situ Visualization ofDNA Double Strand Break Repair in Human Fibroblasts

Proteins that mediate certain aspects ofDNA metabolism, such as DNA

replication, appear to be compartmentalized within the nucleus. DNA replication

therefore requires the movement ofDNA to and from established sites within the

25 nuclear matrix (Hozak et aL, 1993; Strougolis et aL, 1996). Cytologic analyses have

revealed that the DSB repair proteins hRad51 and the hMrel l-hRad50 complex

assemble in discrete nuclear foci as part ofthe normal cellular response to DNA

damage (Haaf et aL, 1995; Scully et aL, 1997; and Park et aL, 1996). These findings

may indicate that DNA repair does not entail the movement ofDNA double strand
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breaks (DSBs) to pre-existing intranuclear sites. Rather, they suggest that DNA

repair proteins move to sites ofDNA damage.

To address this, a method was developed to examine the temporal and spatial

nature ofDSB repair within the context ofthe intact cell. This method relies on

5 synchrotron-generated ultrasoft X-rays (<5000 electron-volts (5 keV)), a multilayer

monochromator for tunable ultrasoft x-ray energies with sufficient intensity for

irradiation of live human fibroblasts (MacKay et aL, 1998), and micro-fabricated

irradiation masks to induce DNA damage in discrete subnuclear regions of irradiated

cells (Figure 1) (Nelms et aL, 1998). The irradiation masks were fabricated with x-

10 ray lithography and consist of gold strips, L85 }im-wide with 1.35 ^im separation,

deposited on thin Si2N4 membranes (Nelms et al., supra). Dosimetric analyses with

the irradiation mask showed that gold-shielded regions receive approximately 0.5%

of the dose absorbed by the nonshielded regions (Nelms et al., supra). Irradiated

cells thus absorb ultrasoft X-rays in 1.35 (im-wide stripes separated by L85 ^im

15 gaps that remain essentially unirradiated.

The 1.34 keV ultrasoft x-rays used in these experiments act almost

exclusively through photoelectric interactions in biological material (Virsik-

Peuckert, 1983), resulting in low-energy electrons that have very short track lengths

(<50 nm), comparable to the dimensions ofbiologically relevant structures such as

20 chromatin (Goodhead et aL, 1993). These properties suggested that photo- and

Auger-electrons as well as free radicals resulting from absorption of ultrasoft X-rays

would induce DNA damage almost exclusively within the 1.35 \im stripes imposed

by the grids.

Log phase 37Lu human fibroblasts which had been plated on 8 fim mylar

25 were irradiated with a mean nuclear dose (D) of 100 Gray (Nelms et aL, supra). The

dose was calculated using the known entrance dose (DJ, the attenuation coefficient

(H) of 1.34 keV X-rays in cells (0.19 mm' 1

), and the estimated cell thickness [Tn =

nuclear thickness (5 |mm), Tc
= cytoplasmic thickness (0.5 jim)] in the equation D =

OVjiTJ (e^
Tc - e *l(Tc+Tn)

).
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Cells were fixed and permeabilized at 30 minutes, 90 minutes, or 5 hours

post-irradiation as described in Kodym and Hurth (1995). Cells were briefly

washed in ddH
20 and incubated for 60 minutes at 37°C in labeling mix [100 mM

sodium cacodylate (pH 7.6), 1 mM CoCl2 , 0.2 mM dithiotreitol, 0.005% Triton X-

5 1 00, 45 nmol/ml 5~bromo-2'-deoxyuridine 5 '-triphosphate (BrdU), 250 units/ml

terminal deoxytransferase (Promega, Madison, WI)]. Labeling reactions were

stopped by rinsing with Tris-buffered saline [TBS; 100 mM Tris-HCl (pH 7.5), 150

mM NaCl] and cells were incubated for 20 minutes at 37°C in a blocking solution

consisting of2% bovine serum albumin (BSA) and 0.3% Triton X-100 in TBS,

10 followed by a 30 minute incubation at 37°C with 6.25 mg/ml fluorescein

isothiocyanate (FITC)-conjugated anti-BrdU (Becton Dickinson) in blocking

solution. Cells were washed for 10 minutes in three changes of fresh TBS,

counterstained with 4,6-diamidino-2-phenylindole (0.1 fig/ml), and mounted in anti-

fade solution [2.3% diazabicyclo {2.2.2} octane, 90% glycerol, 10 mM Tris-HCl

15 (pH 7.5)] (Li et aL, 1995; and Kodym and Hurth, 1995).

Optical sectioning was carried out with a BioRad MRC600 confocal

microscope system (using the FITC filter set; 60 x 1.4 N.A. objective). Z-series (in

the plane perpendicular to the x-ray beam direction) were collected with a step size

of 0.5 nm starting from the plating surface (beam proximal). The average cell

20 thickness was about 5 to 5.5 jim. The resulting stacks were viewed and contrast

enhanced with NIH Image 1.61 (flp://codon/nih.gov/pub/nih-image/). Individual

sections were then extracted into Photoshop 4.0 (Adobe).

Under the conditions used, TdT does not label single-strand DNA nicks

(Kodym and Hurth, 1995). Nuclei observed at 30 minutes post-irradiation (IR)

25 displayed a strong FITC signal in parallel stripes corresponding to BrdU

incorporation at DNA ends (Figure 2A). Each pair of unirradiated/irradiated stripes

is 3.2 pm wide (1.85 \im unirradiated + 1.15 ^tm irradiated). Hence, most nuclei

(average diameter 15-20 ^im) contained 6-7 FITC-staining stripes (Figure 2A).

Confocal microscopy demonstrated that parallel stripes ofBrdU incorporation were

30 uniform throughout the volume ofthe nucleus at this timepoint (Figures 2F-I).
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These data indicate that ultrasoft X-rays induce highly localized DNA damage in

living cells.

The FITC signal corresponding to BrdU-labeled DSBs disappeared between

90 (Figure 2C) and 300 minutes after irradiation. Single cell electrophoresis

5 (comet) assays revealed that the failure to detect FITC stripes at later time points

was due to repair rather than redistribution of the DSBs. Neutral comet assays

(Example 1) were carried out on human 37Lu fibroblasts after partial volume

irradiation. The level ofDSBs remaining in cells observed at 5 hours after

irradiation (mean tail moment, 1 1.5) was comparable to that in unirradiated controls

10 (mean tail moment, 12.9), and reduced from the level ofDSBs observed at

30 minutes post-irradiation (mean tail moment, 50.8). Thus, single cell

electrophoresis assays revealed that the failure to detect FITC stripes at later time

points was due to repair rather than redistribution ofthe DSBs. Similar DSB repair

kinetics were previously observed after ultrasoft X-irradiation without an irradiation

1 5 mask (Botchway et al., 1 997).

IfDSBs were largely stationary prior to repair, their persistence in a DNA

repair-deficient cell would lead to the persistence ofDSB stripes. To test this

hypothesis, the DSB repair-deficient human fibroblast cell line, 180BR (Badie et al.,

1995), was stripe-irradiated, contacted with BrdU and TdT, and stained with FITC-

20 a-BrdU to visualize DSBs. In contrast to 37Lu cells, in which BrdU incorporation

was undetectable by 90 minutes post-irradiation, the 180BR cells had readily

observable FITC-a-BrdU stripes as late as 300 minutes post-irradiation (Figure 2E).

Previous analyses had shown that minimal DSB repair occurs over this time course

in 180BR cells (Example 1; Badie et al., 1995). These data indicate that DSBs are

25 held in a relatively fixed position, at least in the early stages ofDNA repair, and

suggest that the bulk ofDSB repair does not involve movement ofDNA lesions

through intranuclear space. In this regard, DSB repair differs from DNA replication,

which is mediated by compartmentalized nuclear proteins (Hozak et al., 1993;

Example 1). Instead, the spatial behavior ofDSBs suggested that DSB repair

30 requires the recruitment ofDSB repair proteins to sites ofdamaged DNA.
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Several criteria indicate that DSB repair complexes, one that includes

hMrel 1 and hRad50 and another that includes hRad51, both ofwhich form nuclear

foci in response to the induction ofDSBs (Example 1; Haaf et al., 1995), play

distinct roles in DSB repair. The hMrel l-hRad50 complex exhibits sequence

5 similarity to the bacterial exonuclease SbcCD (Leach et al., 1994; Sharpies et al,

1995; and Connelly and Leach, 1996), suggesting that this complex functions as an

exonuclease that may be involved in the processing ofDNA ends prior to strand

exchange and religation (Kanaar et al., 1997; Szostak et al., 1983; Sugawara et aL,

1992; Ivanov et al, 1994; and Petrini et al., 1997). Since hRad51, a human RecA

10 homolog, mediates DNA strand exchange (Sung et al., 1995; Baumann et al., 1996;

and Gupta et al., 1997), its action is likely to be required later than that ofthe

hMrel l-hRad50 protein complex in DSB repair. Null Scmrell and ScradSl

mutations in Saccharomyces cerevisiae indicate that the yeast Mrel 1-Rad50-Xrs2

complex, but not ScRad51, plays an important role in nonhomologous endjoining in

this organism (Kanaar et al., 1997; Petrini et al, 1997). Finally, both biochemical

and cytologic experiments indicate that hRad5 1 is not physically associated with the

hMrel l-hRad50 complex (Example 1).

To determine whether partial volume irradiation could distinguish the

actions ofhRad51 and hMrel 1 in intact nuclei, DSBs in cells were stained with

FITC-anti-BrdU, the cells were then washed in phosphate buffered saline, blocked

and stained with a-hMrel 1 as described in Example 1, except that lissamine

rhodamine-conjugated antibody to rabbit immunoglobulin (IgG) (Jackson

ImmunoResearch, West Grove, PA) was substituted for FITC-conjugated secondary

antisera.

Analysis of stripe-irradiated doubly stained 37Lu cells revealed that as early

as 30 minutes post-irradiation, the BrdU-labeled DSBs and hMrel 1 protein

colocalized (Figure 3). The abundance and composition ofthe hMrel l-hRad50

complex are identical in irradiated and unirradiated cells (Example 1; Dolganov et

al., 1996). Hence, the association ofthese proteins with damaged DNA was due to

migration of existing hMrel l-hRad50 complexes. Optical sectioning ofhMrel 1-
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stripe positive nuclei revealed that hMrel 1 protein was localized in stripes

throughout the nuclear volume. FITC signal (corresponding to DSBs) disappeared

by 90 to 300 minutes after irradiation, whereas hMrel 1 staining became diffuse, as

it is in unirradiated cells.

5 Vestigial hMrel 1 stripes persisted in approximately 5% ofnuclei examined

at 300 minutes (Figure 4C). Previous studies ofDSB repair in human cells have

indicated that the bulk of ionizing radiation-induced DSBs are repaired within the

first 60 minutes post-irradiation, and that a more slowly repaired population of

DSBs persists for 24-48 hours (Botchway et al, 1997; Cornforth et al., 1983). The

1 0 data described above suggest that the hMrel 1-hRad50 complex functions in the fast

component ofDSB repair. Since it was previously shown that these proteins also

function in the slower component ofDSB repair (Example 1), the residual hMrel 1

stripes may indicate that the number ofslowly repaired DSBs falls below the limit

ofTdT detection whereas immunofluorescent detection ofhMrel 1 is sufficiently

1 5 sensitive to identify these slower repair events.

To determine if localization ofhMrel 1 was attributable to the presence of

DSBs, irradiated DSB repair-deficient 180BR cells were analyzed for extended

hMrel 1 localization. It was observed that the hMrel 1 stripes were present in the

majority ofirradiated 180BR cells as late as 300 minutes post-irradiation

20 (Figure 4E), in contrast to the results with 37Lu cells. Thus, DSBs appear to

constitute the signal for hMrel 1 localization.

Next, it was investigated whether hMrel 1 and hRadSl colocalized at sites of

DNA damage in stripe-irradiated 37Lu cells. 37Lu or 180BR fibroblasts were

plated and irradiated. At 30 or 300 minutes after irradiation, cells were fixed in 4%

25 paraformaldehyde in 200mM sucrose/PBS (pH 7.4) for 5 minutes, and then

permeabilized for 5 minutes (Scully et al, 1997). Cells were incubated in blocking

solution and then treated with a-hMrel 1 antiserum, a-hRad51 antiserum, or double

labeled with a-hRad51 antiserum plus Texas Red conjugated a-hMrel 1

(Example 1). Images were captured under epifluorescence using a cooled charge-

30 coupled device camera and images were processed using Photoshop 4.0 (Adobe).
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As above, at 30 minutes post-irradiation, the majority (>90%) of nuclei

exhibited a striped pattern ofhMrel 1 localization (Figure 4A). Approximately 10%

of cells contained hRad51 foci at 30 and 300 minutes post-irradiation, but these foci

did not form a striped pattern at either time point (Figures 4B and 4D). The failure

5 ofhMrel 1 and hRadS 1 to colocalize in irradiated stripes supports the assertion that

these proteins mediate distinct functions in the DSB repair process, consistent with

our previous cytologic analyses (Example 1). The fraction ofhRad51 focus-positive

irradiated cells observed in these experiments was somewhat lower than in previous

studies, presumably reflecting the low levels ofhRad51 expression in the primary

10 fibroblasts used for this study (Example 1; Haaf et aL, 1995; Yamamoto et al., 1997;

andFlygareetaL, 1996).

These observations confirm that biologically relevant interactions of ultrasoft

X-rays are confined to small intranuclear volumes (Virsik-Peuckert, 1983; Cox et

aL, 1977; Goodhead et aL, 1979), and provide physical evidence that the hMrel 1-

15 hRad50 protein complex localizes to the sites ofDNA damage. These findings

indicate that the activation ofDNA repair must include relocalization ofrepair

proteins to the sites ofDNA damage. DNA repair enzymes thus appear to resemble

transcription factors and RNA processing enzymes which are proposed to migrate

within the nucleus, but are distinct from enzymes that mediate DNA replication

20 from stationary replication factories (Hosak et al., 1993; Strouboulis et aL, 1996;

Singer etaL, 1997).

Relocalization of the hMrel l/hRad50 protein complex may indicate that

signals originate from the site ofDNA damage to recruit DNA repair enzymes. In

this regard, the signal that activates DNA repair may be analogous to those that

25 activate DNA damage-dependent cell cycle checkpoint functions (Nelson et aL,

1994; and Huang et aL, 1996). It has been suggested that the DNA-activated Protein

Kinase trimeric complex (Ku70/Ku86/DNA-PKcs), which binds to DNA ends in

vitro and induces protein phosphorylation activity, may act to signal the presence of

DNA damage (Hoekstra, 1997; Jackson, 1996; Jeggo et aL, 1995, and Weaver

30 1 995). Based on the failure to suppress DNA synthesis after ionizing radiation of
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cells established from ataxia telangiectasia patients, a similar function has been

proposed for ATM (Shiloh, 1997). The use ofmutants such as dna-pk andATM in

partial volume irradiation assays may help to define defects in signaling functions

required for relocalization ofDSB repair proteins.

5

Example^

Linkage ofDouble Strand Break Repair to the CellularDNA Damage Response

Materials and Methods

Cell Lines . HeLa S3 cells were obtained from the University of California-

10 Berkeley Tissue Culture Center. Cell lines derived from patients with Nijmegen

breakage syndrome were obtained from K. Sullivan (Children's Hospital of

Philadelphia) and P. Concannon (Virginia Mason Research Center, Seattle, WA).

Ataxia telangiectasia primary fibroblasts (AT3BI) were obtained from J. Murnane

(University of California, San Francisco)* IMR90, 37Lu, TK6, and K562 cell lines

1 5 were grown as previously described (Example 1). HeLa cells were grown in

Joklik's MEM containing 5% newborn calf serum, 50 IU/ml penicillin and 50 jig/ml

streptomycin. AT3BI and NBS primary fibroblasts (lines KW and W1799) were

grown in DMEM/10% FCS/5% Fetal Clone HI (Hyclone, Logan UT) and NBS

lymphoblasts (lines JS, GM7078, and DST) were grown in RPMI 1640/15% FCS.

20 Protein Purification . Crude HeLa extract was prepared essentially as

described (Nishida et aL, 1988). All procedures were carried out at 4°C. A 20% to

50% (NH4)2S04 fraction was loaded on to a DEAE-sephacel column equilibrated in

50mM Tris-HCl (pH 8.0), 1 mM DTT, 10% glycerol and 50mM NaCl (TDG+50).

The column was eluted with a 50mM to 500 mM NaCl gradient. hMrel 1 and

25 hRad50 co-eluted at 1 80 mM NaCL Pooled fractions were concentrated by

(NH4)2S04 precipitation and resuspended in TDG+200.

hMrel 1 immunoaffinity reagent was constructed by crosslinking affinity-

purified hMrel 1 antiserum with dimethylpimelimidate to protein A-agarose as

described (Harlow and Lane, 1988). Pooled DEAE-sephacel fractions were

30 incubated with the a-hMrel 1 beads in 300 mM NaCL Beads were washed, and
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bound proteins quantitatively eluted with Acti-Sep elution media (Sterogene

Carlsbad, CA). Eluted proteins were dialyzed into 10 mM Tris-8.0, 25 mM NaCl,

and fractionated by SDS-PAGE. Proteins were visualized with colloidal Coomassie

blue and the unique 95 kDa band was excised for mass spectrometry analysis.

5 For gel filtration, pooled DEAE-sephacel column fractions derived as above

were subjected to gel filtration on Superose 6 FPLC column (Pharmacia,

Piscataway, NJ). Fractions were analyzed by Western blotting with p95, hMrel 1,

and hRad50 antisera.

Mass Spectrometry. Proteins were subjected to in-gel trypsin digestion

10 (Shevchenko et aL, 1996). Microelectrospray columns were constructed from

360 micron O.D. x 100 micron ID. fused silica capillary with the column tip

tapered to a 5-10 micron opening. The columns were packed with Perceptive

Biosystems (Framingham, MA) POROS 10 R2, a 10 micron reversed-phase packing

material, to a length of 10-12 cm. The flow from the HPLC pumps (typically

15 150 microliters/minute) was split precolumn to achieve a flow rate of

500 nL/minute. The mobile phase used for gradient elution consisted of (A) 0.5%

acetic acid, and (B) acetonitrile/water 80:20 (v/v) containing 0.5% acetic acid. The

gradient was linear from 0-40% B in 50 minutes followed by 40-80% B in 10

minutes or 0-60% B in 30 minutes. Mass spectra were recorded on an LCQ ion trap

20 mass spectrometer (Finnigan MAT, San Jose, CA) equipped with a

microelectrospray ionization source (Gatlin et aL, 1998). Electrospray was

performed at a voltage of 1 .6 kV. Tandem mass spectra were acquired

automatically during the entire gradient run as previously described (Link et aL,

1997). Tandem mass spectra ofpeptides from p95 were compared to the protein and

25 gene sequence using the computer program SEQEST (Eng et aL, 1994; Yates et aL,

1995). Sequences for potential contaminants such as human keratin and bovine

trypsin were added to the database.

Two-Hybrid Interaction . hMrel 1 (nucleotides 160 to 2298 ofhMrell gene

encoding the full length nMrell polypeptide) was expressed as a GAL4DNA binding

30 domain fusion protein from pASl (Durfee et aL, 1993) in the yeast strain, PJ69-4A
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(James et aL, 1996). Following introduction ofa human B-lymphoblastoid cell

cDNA library into the vector pACT, cDNAs encoding hMrel 1 interactors were

selected for by growth in the absence of adenine. Apparent adenine prototrophic

colonies were retested on plates lacking histidine or adenine, and pACT cDNA

5 clones were isolated from yeast exhibiting adenine and histidine prototrophy and

analyzed by DNA sequencing.

Hybridizations . Multiple Tissue Northern Blots (Clontech, Palo Alto, CA)

were probed as previously described (Dolganov et aL, 1996) utilizing a NBS1 or

hMREll cDNA labeled by random priming as the probe. The Zoo-Blot Southern

10 blot was obtained from Clontech (Palo Alto, CA) and probed by standard

procedures utilizing the NBS1 cDNA as a probe.

Tmmunohlotting and Imrminoprecipitatiom p95 antiserum was raised in a

rabbit against a fusion protein comprising amino acids 399-751 ofhuman p95 fused

to glutathione-S-transferase (GST). Affinity purification of anti-p95 antiserum was

15 performed (Dolganov et aL, 1996) over GST (to remove GST reactivity from the

antiserum) and GST-p95 columns constructed with actigel resin (Sterogene,

Carlsbad, CA). The hMrel 1 monoclonal antibody was derived from a mouse

immunized with a 6X-His-hMrel 1 fusion protein (the fusion protein included the

complete hMrell polypeptide) in the University ofWisconsin Hybridoma facility.

20 Whole cell extracts (from 3 x 10
5
cells) were prepared (Dolganov et aL,

1996) and fractionated in 7.5% SDS-PAGE gels. Proteins were transferred to

nitrocellulose and immunoblots were performed (Dolganov et aL, 1996) with p95,

hMrel 1 , and hRad50 antisera on the same filter in succession,

Immunoprecipitations were performed on K562 lysates with p95, hMrel 1, hRadSO

25 or the respective pre-immune antisera (Dolganov et aL, 1996). Immunoprecipitates

were fractionated, transferred to nitrocellulose and immunoblotted as above.

Chromosomal localization ofp95 . Metaphase chromosomes were prepared

from phytohemagglutin-stimulated peripheral blood lymphocytes from a normal

human subject. The NBS1 probes (clones 926991 and 1083839) were biotin-labeled

30 by nick translation using Bio-16-dUTP (Enzo Diagnostics, Farmingdale, NY) and
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fluorescence in situ hybridization was performed (Rowley et al., 1990).

Hybridization was detected with fluorescein-conjugated avidin (Vector

Laboratories, Burlingame, CA), and chromosomes were identified by staining with

4
5
6-diamidino-2-phenylindole-dihydrochloride (DAPI).

5 Immunofluorescence. Primary fibroblasts were grown on glass slides,

irradiated and fixed (Example 1). For double immunolabeling, cells were fixed in

3.5% paraformaldehyde and permeabilized (Scully et al, 1997). Cells were

incubated with affinity-purified rabbit p95 antiserum (as above) and a 1 :50 dilution

ofanti-hMrel 1 monoclonal ascites (line 8F3) for 1 hour at room temperature. After

10 washing in PBS, cells were incubated with FITC-conjugated goat anti-rabbit and

Texas Red-conjugated donkey anti-mouse antisera (Jackson Immunoresearch, West

Grove, PA) for 1 hour at room temperature. Cells were then washed, counterstained

with DAPI, and mounted (Example 1).

In IRIF assays, a minimum of200 nuclei were analyzed for each cell line,

15 treatment, and antibody examined (Example 1). Unirradiated samples were fixed

and processed as above along with irradiated samples. Mutant NBS cells and

normal controls were processed simultaneously and treated identically.

Results

20 Purification ofthe hMrel 1/hRad50 complex from HeLa extract

The 95 kDa and 200 kDa components ofthe hMrel l/hRad50 protein

complex were purified from a HeLa cell extract for direct protein sequencing. A

20% to 50% (NH4)2S04 precipitate was separated by anion-exchange

chromatography, and fractions containing hRad50 and hMrel 1 were identified by

25 Western blotting. The hRad50/hMrel 1 complex was further purified from peak

fractions by immunoaffinity chromatography and fractionated by SDS-PAGE. The

hMrel l/hRad50 protein complex includes five proteins of 81 kDa, 95 kDa, 150

kDa, 200 kDa, and approximately 400 kDa, which are immunoprecipitable by

hMrel 1 antiserum (Dolganov et al., 1996). As expected, these proteins were readily

30 visible on a Coomassie-stained gel (Figure 5). The 95 kDa and 200 kDa bands
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(referred to henceforth as p95 and p200) were excised from the gel and subjected to

mass spectroscopic analysis.

Mass spectrometry ofpurified proteins

The p95 protein was digested with trypsin and analyzed by LC/MS/MS to

5 acquire tandem mass spectra for sequence analysis. A tandem mass spectrum for a

peptide ofmolecular weight 1,420.2 Da was interpreted to represent the sequence

NPSGLNDDYGQLK (SEQ ID NO:5). A tBLASTx search ofdbEST found a

match to the sequence NPSGLNDDYGQLK (SEQ ID NO:5) in human EST

926991.

10 A similar analysis of the p200 band identified this protein as fatty-acid

synthase (FAS) (Jayakumar et aL, 1996). Since subsequent gel filtration

chromatography indicated that FAS did not co-elute with the hRAD50/hMrel 1

complex, it was concluded that the presence ofFAS among the immunoaffinity

purified proteins was an artifact ofthe isolation procedure.

15 Cloning ofthe NBS1 cDNA

The EST cDNA clone encoding p95 peptides (Table 1) was obtained from

the IMAGE consortium (clone identification number 926991 [EST1 1]. This clone,

and a second overlapping human EST, 1083839 [EST30], were sequenced in their

entirety. The combined DNA sequence spanned 4,483 bp (SEQ ID NO:l

;

20 Figure 14) and contained a 2,265 bp open reading frame, sufficient to encode a

protein with a predicted molecular weight of 85 kDa (SEQ ID NO:2; Figure 1 5).

The resulting cDNA has been designated NBS1 (for Nijmegen breakage syndrome).

Comparison ofthe open reading frame with tandem mass spectra obtained from

purified p95 identified 16 additional peptide matches (Table 1). The predicted

25 protein has no homology to any known proteins. Contrary to expectations, the

predicted p95 protein is essentially unrelated to the S. cerevisiae Xrs2 protein; the

two proteins share only modest homology (28% identity) over the N-terminal 115

amino acids (Figure 6).
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Table 1

Peptides Obtained From Mass Spectrometry Analysis

Peptide" Position
b

-QPPQIESFYPPLDEPSIGSK- 189-209

-LSSAVVFGGGEAR- 238-251

-WIQSIMDMLQR- 289-299

-QGLRPIPEAEIGLAVIFMTTK- 300-320

-TTTPGPSLSQGVSVDEK- 335-351

-MLSQDAPTVKE- 395-404

-TSSNNNSMVSNTLAK- 409-423

-EPNYQLSPTKLPSINK- 426-441

-NYFQPSTKK- 458465

-NKEQHLSENEPVDTNSDNNLFTDTDLK- 503-529

-EMDDVAIEDEVLEQLFK- 552-558

-MDffiTNDTFSDEAVPESSK- 595-613

-ELKEDSWAK- 625-635

-KLLLTEFR- 653-660

-NPSGINDDYGQLK-C 671-683

-EESLADDLFR- 736-745

20

aMass spectrometry is unable to distinguish Lfl and Q/fC The indication ofL, I, Q,

and K residues in the peptide sequences is based on the p95 ORF.

Numbering system is based on the ORF of the p95 cDNA.

c
This peptide was sequenced by tandem mass spectrometry and used for EST

25 database searches. The remaining peptides corresponded to the derived amino acid

sequence from the p95 ORF.

73



Two-hybrid interaction ofp95 and hMre l 1

In parallel with the approach described above, a two hybrid interaction

screening was employed to identify hMrel 1-interacting proteins. The hMREll

cDNA was cloned into the vector pASl as an in-frame fusion with the Gal4 DNA

5 binding domain (Durfee et al., 1993), and cDNAs encoding interacting proteins

were isolated from a human B lymphoblastoid cDNA library by two hybrid

screening. DNA sequence and hybridization analyses revealed that twenty

independent NBS1 cDNA clones were among the interactors. The largest NBS1

cDNA obtained in this screen (Figure 6) began at amino acid position 363 ofthe p95

10 protein.

Expression ofNBS1

Northern blot analysis with an NBS1 cDNA probe revealed two NBS1

mRNAs, a 4.4 kb transcript that was relatively abundant in all tissues, and a 2.6 kb

transcript that was present at high levels in testis (Figure 7A). The 4.4 kb mRNA,

1 5 and not the 2.6 kb mRNA, was detected with a probe from the 3
' non-coding

segment of the NBS1 cDNA (Figure 7B), indicating that the two transcripts arise

from the same locus, but differ in the amount of 3' untranslated sequence that they

contain. The same Northern blot filter was hybridized to an hMREll cDNA probe

(Figure 7C). Two hMREll mRNA species were detected; a 6.6 kb mRNA that was

20 present in all tissues, and a 2.4 kb mRNA that was most abundant in testis. This

pattern of expression is analogous to that of the murine MRE11 gene (Petrini et al.,

1995). The expression patterns ofthe NBS1 2.6 kb mRNA and the 2.4 kb hMREll

mRNA were identical, consistent with the observation that their respective protein

products function together in the same complex.

25 Interaction ofp95 with the hRad50/hMrel 1 complex

To confirm the results ofthe immunoaffinity purification, a series of

immunoprecipitations was performed using K562 cell extracts with hMrel 1,

hRad50, and p95 antisera (Dolganov et al., 1996). Immunoprecipitates were

subsequently analyzed by Western blotting with the same antisera. All three
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proteins (hRad50, hMrel 1, and p95) were precipitated with the three respective

antisera but not with the corresponding pre-immune sera (Figure 8A, lanes 1-6).

The association of these three proteins was also confirmed by gel filtration

chromatography. hMrel 1/hRadSO-containing fractions from the DEAE-sephacel

5 column described above were pooled and separated on a Superose 6 gel filtration

column. Western blotting of fractions from the sizing column with hMrel 1

,

hRadSO, and p95 antisera was carried out. The three proteins co-chromatographed

in a single peak corresponding to a molecular weight of approximately 1,600 kDa

(Figure 7B). hMrel 1, hRad50, or p95 proteins were not detected in later column

10 fractions corresponding to lower molecular weight species. This observation

O suggests that the vast majority ofhMrel 1 , hRad50, and p95 in the cell are present in

fn the high molecular weight complex.

J;] Conservation ofp95

H : Human metaphase cells were used for fluorescence in situ hybridization

j| 15 (FISH) with the NBS1 cDNA. Co-hybridization ofprobes EST1 1 and EST30

L resulted in specific labeling only ofchromosome 8 (Figure 9). Specific labeling of

K 8q21 .2-22.1 was observed on four (2 cells), three (5 cells), two (12 cells), or one

m (6 cells) chromatid(s) ofthe chromosome 8 homologues in 25 cells examined. Of

f

3 61 signals observed, 53 (87%) were located at 8q2L2-22. 1 . Ofthese, 4 (7.5%)

20 signals were located at 8q2L2, 46 (87%) signals were located at 8q21 .3, and 3

(5.5%) signals were located at 8q22.L Eight background signals were observed at

other chromosomal sites. Six ofthese were single signals, and none of these

chromosomal bands were labeled more than once. Doublet signals were observed

once at 5ql4. A specific signal was observed at 8q21 .3 in an additional

25 hybridization experiment using this probe. These results suggest that the gene

coding for p95 is localized to chromosome 8, band q21.3. Previous studies have

demonstrated that the gene defective in the chromosome instability syndrome,

Nijmegen Breakage Syndrome (NBS), maps to this locus (Matsuura et al., 1997;

Saaretal., 1997).
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To determine whether p95 protein was present in cell lines established from

NBS patients, extracts were prepared from cell lines from five patients and subjected

to Western blot analysis with p95 antiserum. p95 was not detected in any ofthe

patient samples examined (Figure 10A), although the levels ofhMrel 1 and hRadSO

5 were normal. These data suggest that NBS is attributable to deficiency in the gene

encoding p95.

To assess whether hRad50 and hMrel 1 interact in the absence ofp95,

immunoprecipitations with anti-hMrel 1 antibody were carried out using crude

extracts from a representative NBS cell line (JS; Figure 10B). It was found that

10 hMrel 1 and hRad50 were co-immunoprecipitated by anti-hMrel 1 antibody from

:

J NBS extracts and control TK6 extracts (Figure 10B). The hMrel l/hRad50

CO interaction is unaffected by the absence ofp95, indicating that these two proteins

H interact directly.

Radiation Induced Foci

CQ 15 In human cells, hMrel 1 and hRad50 colocalize in large nuclear foci

following treatment with agents that induce DSBs (Example 1). To examine

whether p95 is also present in ionizing radiation induced foci (IREF), 37Lu (normal

diploid fibroblasts) were plated on glass slides, irradiated at a does of 12 Gy, and

doubly strained with hMrel 1 and p95 antisera at 8 hours post-irradiation. hMrel 1

20 and p95 IRIF colocalized in irradiated cells, whereas diffuse nuclear staining with

both antisera was observed in unirradiated control cells (Figure 1 1 and

Figures 13A-F). As expected from Western blotting (Figure 10B), p95 was not

detectable in NBS cell lines by immunofluorescence (Figures 13K-P). This

observation is consistent with the notion that hMrel 1, hRad50, and p95 function in

25 the same protein complex during the normal cellular response to DNA damage.

Normal DNA damage responses such as cell cycle arrest, inhibition ofDNA

synthesis, and the induction ofp53 are abrogated in NBS cells (Jongmans et al.,

1997; Sullivan et al., 1997). Therefore, to determine whether the hMrel 1 IRIF

response was intact in cell lines established from NBS patients, NBS fibroblasts

30 (Wl 799 and KW) and normal control fibroblasts (IMR90 and 37Lu) were plated on

76



slides as above, irradiated, and stained with hMrel 1 or p95 antiserum. The hMrel 1

and p95 IRIF responses ofnormal cells were consistent with previous studies

(Example 1), i.e., 64% to 85% of irradiated cells were positive for IRIF at 8 hours

post-irradiation. However, immunofluorescence analysis ofover 1500 NBS cells

5 showed that, in contrast to normal cells, the intranuclear levels ofhMrel 1 and

hRad50 were drastically reduced n both NBS cell lines, irrespective ofprior

irradiation (Figures 13Q-T). Thus, hMrel l-hRad50 IRIF do not form in the absence

ofp95.

10 Discussion

Nijmegen Breakage Syndrome is an autosomal recessive disorder

characterized by developmental abnormalities, variable immune deficiency, and

marked predisposition to malignancy. Cells established from NBS patients are

sensitive to IR, exhibit chromosome fragility, and fail to activate cell cycle

1 5 checkpoints in response to DNA damage (reviewed in Shiloh, 1 997; van der Burgt

et al., 1996; and Weemaes et aL, 1994). With respect to these features, the

mutations that result in NBS and AT have essentially identical phenotypic

outcomes. This suggests that the NBS1 andATM gene products effect the same or

closely related functions in the cellularDNA damage response (Shiloh, 1997).

20 As shown above, deficiency in a member ofthe hMre 1 1ZhRadSO protein

complex, p95, is the cause ofNBS. The evidence for this is: 1) the p95 locus maps

to 8q2L3 (Figure 9), the region to which the NBS locus was previously localized

(Matsuura et al., 1997; Saar et al., 1997); 2) the NBS1 and p95 cDNA sequences are

identical; and 3) the p95 protein is absent from extracts ofNBS cell lines that harbor

25 NBS1 mutations (Figure 1 1A). In light ofthe defects associated with NBS, these

findings indicate that the hMrel l/hRad50 protein complex is intimately involved in

initiating the cellularDNA damage response.

The hMrel 1 /HRadSO protein complex may function as a sensor ofDNA damage

The hMrel l/hRad50 protein complex forms discrete nuclear foci (IRIF)

30 following the induction ofDSBs by ionizing radiation in normal cells (Example 1).
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In contrast, IRIF do not form in NBS cells (Figure 12), suggesting that p95 is

required for the relocalization ofthe hMrel l/hRad50 protein complex to DSBs.

This observation raises the possibility that p95 regulates the hMrel l/hRad50 protein

complex by transducing a signal originating from the site(s) ofDNA damage. In

5 normal cells, this signal leads to relocalization of the complex, whereas the signal is

not transduced in NBS cells and so movement ofthe complex does not occur. A

similar, though less severe defect was observed in SV-40 transformed AT cell lines

(Example 1; Shiloh, 1997). These observations are consistent with the hypothesis

that mutations in NBS and AT affect proximate functions in the DNA damage

10 response.

However, the defect revealed by this aberrant IRIF response cannot account

for the absence ofDNA damage dependent cell cycle checkpoints and diminished

p53 responses observed in NBS cells (Jongmans et al., 1997; Shiloh, 1997; Sullivan

et al., 1997). These aspects ofthe NBS phenotype indicate that p95, and by

15 extension, the hMrel l/hRad50 protein complex, are an integral part ofthe signal

that activates the cellularDNA damage response. In this regard, recent cytologic

analyses ofthe hMrel l/hRad50 protein complex in normal human cells are

significant. DNA damage was induced in discrete subnuclear volumes, and DNA

repair at those sites was monitored. hMrel 1 associated with DSBs within thirty

20 minutes oftheir induction, and uniform distribution ofthe protein was restored upon

subsequent DSB repair (Example 1). The observed behavior ofhMrel 1 at the sites

ofDNA damage is consistent with the notion that the hMrel l/hRad50 protein

complex functions as a DNA damage sensor, and readily accounts for the DNA

damage-dependent cell cycle checkpoint defects associated with NBS. The DNA

25 repair functions ofthe hMrel l/hRad50 protein complex are thus physically

associated with the activation ofother aspects of the cellularDNA damage response.

The hMrel l/hRad50 protein complex in NBS cells

The physical association ofhMrel 1 and hRad50 is unaffected by the absence

ofp95 (Figure 10B). Similarly, the association of ScMrell and ScRadSO does not

30 appear to depend upon ScXrs2 (Johzuka and Ogawa, 1995; Ogawa et al, 1995).
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However, cytologic analyses reveal that the disposition ofhMrel 1 and hRad50 is

abnormal in NBS cells. The uniform nuclear distribution typical ofhMrel 1 and

hRad50 in unirradiated normal cells is not seen inNBS cells (Example 1). Instead,

the intranuclear abundance ofhMrel l/hRad50 appears to be reduced with a

5 concomitant increase in the cytoplasmic level (Figures 13Q-T). Western blotting of

fractionated NBS cell extracts shows that the protein is readily detectable in the

nuclear fraction, though its level is somewhat diminished. This is expected, since in

murine embryonic stem cells, muMrel 1 is required for viability (Xiao and Weaver,

1997). Whereas loss ofp95 may decrease the intranuclear abundance ofhMrel 1

10 and hRadSO, the levels ofthese proteins must be sufficiently high to support cell

viability.

Divergence ofthe hRadSO/hMrel 1 protein complex

hRad50 and hMrel 1 are human homologues ofthe E. coli proteins SbcC and

SbcD (Sharpies and Leach, 1995). SbcC and SbcD function in a protein complex,

15 SbcCD, that possesses ATP-dependent double-stranded exonuclease activity and

ATP independent single-strand endonuclease activity (Connelly et al., 1997;

Connelly and Leach, 1996; and Gibson et aL, 1992). Genetic evidence from S.

cerevisiae suggests that the Mrel 1/Rad50/Xrs2 protein complex functions as a

nuclease in that organism (Ivanov et al., 1996; Ivanov et aL, 1994; and Tsubouchi

20 and Ogawa, 1998). The biochemical activities ofthe hMrel l/hRad50 protein

complex have not been established, but the conservation ofhMrel 1 and hRad50

suggests that they also encode nuclease activity.

It was found that p95 was not the human Xrs2 homologue. The replacement

ofXrs2 by p95 in humans may indicate that the function(s) mediated by these

25 proteins are not conserved. This seems an unlikely possibility in light ofthe

conservation ofMrel 1 and Rad50, particularly since neither Xrs2 nor p95 appears to

function outside of its respective complex (Example 1; Petrini et aL, 1997). An

alternative interpretation based on the NBS phenotype is that Xrs2 and p95 link the

conserved activities ofMrell/Rad50 to the cellular DNA damage response in their

30 respective organisms. In this sense, these divergent proteins could be considered
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functional analogues. The lack of similarity between p95 and Xrs2 would therefore

reflect those features ofthe DNA damage response, and the roles of the

Mrel 1/Rad50 nuclease within it, that are unique to each organism.

Phenotypic similarity of S. cerevisiae and human mutants

reminiscent of those observed in a number ofhuman chromosomal instability

syndromes such as NBS, AT, and Bloom syndrome (Bigbee et al., 1989; Bubley and

Schnipper, 1987; Chaganti et al., 1974; Hojo et al., 1995; Langlois et al., 1989;

Meyn, 1993). The chromosome fragility ofNBS cells demonstrates that defects in

10 the hMrel l/hRad50 protein complex can result in similar phenotypic outcomes in

mutant human cells.

Analogy ofthe S. cerevisiae and human phenotypes might also include DNA

recombination defects, raising the possibility that immune dysfunction in NBS

patients is attributable to DNA recombination defects. This interpretation is

1 5 supported by the preponderance ofchromosomal rearrangements involving

chromosomes 7 and 14 in peripheral blood lymphocytes (reviewed in Weemaes et

al., 1994). Ifthe hMrel l/hRad50 protein complex mediates single-strand DNA

endonuclease activity similar to that ofSbcCD (Connelly and Leach, 1996), the

complex might be important for the resolution ofhairpin intermediates generated in

20 the V(D)J recombination process (Gellert, 1 997).

In this regard, it is noteworthy that similar fragility ofchromosomes 7 and

14 is seen in AT patients, yet the immune defects observed in that disease do not

appear to result from defects in V(D)J recombination (Hsieh et al., 1993).

Immunoglobulin heavy chain rearrangements in the NBS lymphoblastoid cell line,

25 GM7078, have been analyzed by DNA sequencing and found to be normal (Petrim

et al., 1994). However, quantitative analysis ofV(D)J recombination in NBS cells

is required to adequately address the role ofthe hMrel l/hRad50 protein complex in

this process. Lymphocyte-specific recombination is also required for

immunoglobulin class switching (reviewed in Stavnezer, 1996), and it is

30 conceivable that this process is also affected in NBS patients. Furthermore, DNA

5 The phenotypic features of S. cerevisiae mrell/rad50/xrs2 mutants are
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recombination in other contexts, such as in meiotic recombination, may also be

affected by mutation ofNBSL

pQS links recombinational DNA repair to cancer predisposition

Genomic instability is frequently observed in human cancer predisposition

5 syndromes (Cleaver, 1989; German, 1983; Jackson, 1995; Kolodner, 1995; and

Timme and Moses, 1988). Among such syndromes are congenitally acquired

deficiencies in nucleotide excision repair and DNA mismatch repair. Since

chromosomal rearrangements and changes in chromosome number are common

features ofmalignant cells, errors in recombinational DNA repair are likely to play

10 an important role in neoplasia (reviewed in Rabbitts, 1 994; and Rowley, 1994). The

implication ofp95 and the hMrel l/hRad50 protein complex in NBS constitutes an

important link between congenital recombinational DNA repair deficiency and

genomic instability associated with the predisposition to malignancy.

Bacterially Expressed Mrel 1

The hMREJ. 1 gene, nucleotides #1 to #1921 (SEQ ID NO:7) encoding SEQ

ID NO:6, was cloned into an expression vector and expressed so as to generate an

immunogen. Hybridoma lines were prepared that produced antibodies that

20 recognized hMREl 1 . The resulting antiserum detects hMREl 1, which is regulated

in response to DNA damage, and may be relevant to tumorigenesis. Such antibodies

may be of significant utility in clinical diagnosis as a predictive tool and for

therapeutic applications.
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